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Bupobuuurso & Mexatponni Cucremu 2024: marepiamu VIII-oi MixHapoaHoi koH(epeHIii,
XapkiB, 25-26 xoBTHs 2024 p.: te3m nomoBineit / [penkon. LIII. HeBmomoB (BimmoBimaabHUI
penakrop)].-XapkiB: [enekrponHuii Apyk], 2024. — 135 c.

VY 30ipHHK BKJIIOYEHI TE3W JOMOBIJCH, SKi MPUCBAYCHI CyYaCHUM TEHJCHIISIM PO3BUTKY TEXHOJOTH
Ta 3ac00iB BUPOOHMIITBA Ta MEXATPOHHHX CHCTEM, IEPEIOBOMY JOCBily Ta BIPOBAPKEHHIO iX B
rajy3sx CHCTEM IPOMHCIOBOI aBTOMAaTH3allil Ta KepyBaHHS BUPOOHUIITBOM; CHCTEMHIN 1H)KEHepii;
CAD/CAM/CAE cucremax; MexaTpoHilli (€IEKTPO-MEXaHIYHUX CHUCTeMaX, EJICKTPOHHUX
iHCTpyMeHTax cucteM KepyBaHHsg, MexaHidHMX CAD cucremax); pobGoToTexHili Ta 3acobaxm
inTenexryamzamii; MEMS (cydacHmx wmarepianiB Ta TexHonorisx BurotoBieHHs MEMS) Tta
KOMITOHEHTax 1 TEXHOJOrisX aBTOMaTu3alli BUI0OYTKY, MepepoOKH Ta TPaHCHOPTYBaHHS HaQTH Ta
rasy.

Penaxiiina xonerisa: 1.11. Hesmronos, B.B. €Bcees.

Manufacturing & Mechatronic Systems 2024: Proceedings of VIII st International Conference,
Kharkiv, October 25-26, 2024: Thesises of Reports / [Ed. 1.Sh. Nevlyudov (chief editor).] .- Kharkiv
.. [electronic version], 2024. - 135 p.

The collection includes the thesises of reports on modern trends in the development of technologies
and means of production and mechatronic systems, top experience and implementation of them in
fields of: industrial automation and production management systems; systems engineering;
CAD/CAMI/CAE systems; mechatronics (electrical and mechanical systems, electronic control tools,
mechanical CAD systems); robotics and intellectual toolls; MEMS (modern materials and
manufacturing technologies MEMS) and components and technologies for the automation of oil, gas
and oil extraction, processing and transportation.

Editorial board: Igor.Sh. Nevludov, Vladyslav.V. Yevsieiev

© Kadgenpa KoMI'tOTEpHO-IHTETPOBAHUX TEXHOJIOT1H, aBTOMAaTH3aLli{
ta pobortorexHiku (KITAP), XHYPE,2024
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Omapos

Baanuciaas
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Andrzej Chochowski

Pawel Obstawski

Cepriii boromoJios

MukoJsa BacnianoBuu
3amipennb

Muxaiijio BacniaboBu4
JloOyp

€sren CepriiioBu4
Puixenko

rojoBa KOMITeTy KOH(EepeHIIii, TOKTOp TeXHIYHUX HayK, mpodecop,
3aCHyKeHHH MOisid HAayKd 1 TeXHiKH YKpainw, jnaypear [lepkaBHOI
npemii B raimy3i HayKd 1 TexHikM YKpainw; jaypear [lep:kaBHOI
npemii YkpaiHu B raixy3i OCBiTH, 3aBiqyBad Kadeapu KOMITIOTEPHO-
IHTETpOBaHMX TEXHOJOriH, aBTOMaTH3amii Ta pPOOOTOTEXHIKK
(KITAP), XapKiBCHKOTO HaI[IOHAJILHOTO YHIBEPCUTETY
paaioeNneKTpoHIKY, YKpaiHa

3aCTYIHUK T'OJIOBH KOMITETY KOH(EepeHIlil, JOKTOp TEXHIYHUX Hayk,
npodecop, naypear JlepxkaBHoi mpemii YKpaiHU B Taiy3l OCBITH,
nekaH (GakyiabTeTy ABTOMATHKH 1 KOMI'IOTEPU30BAHUX TEXHOJOTIN
(AKT), XapKiBChKOIO HaI[lOHAJILHOTO YHIBEPCUTETY
pazioeneKTpoHiKH, YKpaiHa.

JOKTOp TEXHIYHUX HayK, Hpodecop, 3acilyKeHUH [if4 HayKu
Azepbaiikancbkoi  PecriyOnmiku  mpopekTop 3 MIKHapOJIHOTO
CHIBPOOITHUITBA,  XapKIBCbKUHA  HALIOHAIbHUNH  YHIBEPCHUTET
pafioeNeKTpoHIKY, YKpaiHa

cekpeTap, JOKTOp TEeXHIYHUX Hayk, mpodecop, mpodecop kadenpu
KOMITIOTEPHO-IHTETPOBAaHUX  TEXHOJIOTiM,  aBTOMarw3amii  Ta
pPOOOTOTEXHIKH (KITAP), XapKiBChKOTO HaIllOHAJILHOTO

YHIBEPCUTETY PaJIIOCICKTPOHIKH, YKpaiHa.

JOKTOp TEXHIYHMX HayK, mpodecop BapmiaBchkoro yHiBepCHTETY
cineepkoro rocrogapersa (WULS - SGGW), Tonbmia

JOKTOp TEXHIYHUX HayK, npodecop BapmaBchkoro yHIBEpCHUTETY
cineepkoro rocnogapersa (WULS - SGGW), Ionbmia.

JEKTOP/MOIEHT,  JoKTOop  (dimocodii  (KOMI'IOTEpHI  HAYKH),
JlocniaHuibka mIKoda KOMI'IOTepHUX Hayk, Komemx imxeHepii Ta
KOMITFOTEPHUX HayK, ABCTpaliiCbKUN HaIllOHAJLHUN YHIBEPCHTET,
ABcTparis.

JOKTOp TEXHIYHUX HayK, Mpodecop, 3acihyKeHUH [idd HayKd 1
TeXHIKM YKpainu, naypeat JlepkaBHoi mpemii YkpaiHu B ramysi
HAyKH 1 TexHikH, aupektop JepxaBHoro migmpuemcTBa HaykoBo-
JOCHIHOTO TEXHOJIOTTYHOr 0 IHCTUTYTY MpUIaAo0yIyBaHHs, YKpaiHa

JOKTOp TEXHIYHUX HayK, IMpodecop, 3aciyXeHUH Misiu Hayku 1
TEXHIKM YKpaiHu, BIIMIHHUK HAapOJHOI OCBITM YKpaiHM, 3aBilyBau
Kagenpu CUCTeM aBTOMAaTH30BAHOrO MpoeKTyBaHHS HarioHambHOrO
yHiBepcUTeTy «JIbBIBCbKA MOJITEXHIKa», YKpaiHa.

kepiBHUK Biaauty aunaktuku 11 «Dectoy», Ykpaina
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JUPEKTOP TOB «HaykoBo-BHpoOHHNYOTO HiANPUEMCTBA
«YKPIHTEX»», Ykpaina.
KaHIMIAT  TEXHIYHMX  HayK, JOLUEHT, JeKaH  (aKyJIbTeTy

iHpOpMaLiifHUX TEXHOJIOTI Ta YympaBliHHA, A3epOailKaHCHKHIA
Jiep>KaBHUN yHIBEPCUTET HAQTH 1 TPOMHCIOBOCTI, A3epOaiimkaH.

KaH/AWUJaT TEeXHIYHUX HayK, JOICHT, 3aBiayBad Kadeapu yHpaBiIiHHSI
Ta CHCTEMHOI  imKeHepii, AsepOailjpkaHCbKMI  Jep>KaBHUN
YHIBEpCUTET HAPTH i MPOMHUCIOBOCTI, A3epOaiiKaH.

JOKTOp  TEXHIYHUX Hayk, nmpodecop, mnpodecop Kkabeapu
ABTOMAaTHKH, €JIEKTPOHIKH Ta TeJeKoMyHikamid, Haronanbanmii
yHiBepcuter «llonraBcbka momitexHika imeHi FOpis Konapatiokay»
VYkpaina.

JOKTOp TEXHIYHUX HayK, Npodecop, 3acilyKeHUH [id4 HayKd 1
TEeXHIKM YKpainu, aupektop HaB4anbHO-HAyKOBOrO 1HCTUTYTY
€HEepreTHKU, AaBTOMAaTHUKU Ta eHeprozoepexeHHs, HamioHanbHUN
yHiBepcUTeT OlopecypciB 1 MNPUPOAOKOPUCTYBAaHHS  YKpaiHW,
VYkpaina.

JOKTOP TEXHIYHUX HayK, Mpodecop, 3acayeHUll MpamiBHUK OCBITH
VYkpainm, 3aBigyBad Kadeapu aBTOMATHUKH Ta POOOTOTEXHIYHHX
cucteM iM. akan. [.I. Maprunenka, HarioHaisHUMI1 yHIBEpCcHUTET
OlopecypciB 1 MPUPOJOKOPUCTYBAHHS YKpaiHHu, YKpaiHa.

JIOKTOp TEXHIYHUX Hayk, jaypear JlepkaBHoi mpemii Ykpainu B
ramy3i ocBith, mnpodecop Kadempu pagiOKOHCTPYIOBaHHS 1
BUPOOHUIITBA pazioamaparypu, HarmionansHuii TeXHIYHUT
yHiBepcuTeT YKpaiHu «KUIBCHKHMI TOJMITEXHIYHUH IHCTUTYT IMEHI
Iropst Cikopcbkoro», Ykpaina.

JOKTOp TEXHIYHMX HayK, mnpodecop, 3aciayKeHUW Iifd HAyKH 1
TeXHIKH YKpaiHu, mpodecop Kadeapd CHCTEM  YIPaBIiHHS
JiTaTbHUMU anapataMu, HamioHalbHUI aepOKOCMIYHUN YHIBEPCUTET
iMm. M. €. XXykoBcbkoro "XapkiBCbKHI aBialliiHUA 1HCTUTYT",
Ykpaina.

JOKTOp TEXHIYHHUX HayK, mpodecop, 3acTYIHUK IUPEKTOpa 3
HayKoBOi poboTtu [lepkaBHoro mignpuemctBa «HaykoBo-mocmiaHuii
TEXHOJIOTTYHHUM IHCTUTYT NpUiIa00yayBaHH», YKpaiHa.

JIOKTOp TEXHIYHMX Hayk, npodecop, yaypear [lepxaBHOi npemiei
Kab6inery MinicTpiB VYkpainu, 3aBigyBau kadeapu iHpopmaliiHo-
KOMYHIKaIlifHUX Mepexk, [HCTUTYT TeleKOMyHIKaliiHUX CHCTEM
HamionanbHOro TeXHIYHOTO yHiBepcuTeTy YkpaiHu «KuiBchbkuit
HOJITeXHIYHUH 1HCTUTYT iMeH1 Iropst Cikopcbkoroy», Ykpaina.

JOKTOp TEXHIYHMX HayK, HOpodecop, HadanbHUK KpuBopizbkoro
Kousie/pKy HarioHanbHOro aBialiiHOro yHIBEpCHUTETY, YKpaiHa.
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KaHIMJIAT TEXHIYHUX HAyK, AUpeKTop JlepaBHOro miapueMTBa
«IliBneHHMI JepKaBHUM  MPOEKTHO-KOHCTPYKTOPCHKHN I1HCTUTYT
aBialliifHOT MPOMHUCIIOBOCTI», YKpaiHa.

rerepanbauii MeHekep Titan Machinery Limited, Ilotnanmis.
reHepanbHU MeHepkep Titan Machinery Limited, KuTaii.

KaHAWJAT TEXHIYHUX HAyK, Hpodecop, 3aciIyXeHUH aisd HAyKH 1
TEXHIKH  YKpaiHmy, nepmmid  mpopekrop  HamioHansHOTO
yHiBepcHuTeTy «JIpBIBCbKA MOJITEXHIKA», YKpaiHa

JOKTOp TEXHIYHMX HaykK, Mnpodecop, B.0. 3aBiayBaua Kaderpu
KOHCTPYKLIi TOBITPSHUX CYyJE€H, aBlaJBUTYHIB Ta MIATPUMaHHS
a0THOI mpuaatHocTi, JIkoTHa akamemis HAY, m.KponuBHUIBKHIA,
VYkpaina.

JOKTOp  TEeXHIYHMX HaykK, mpodecop, 3aBigyBau Kadenpu
€JIEKTPOHHMX 3ac001B Ta 1H(POpMaLIHHO-KOMIT IOTEPHUX TEXHOJOT1H,
Opecbkuil HalllOHATBHUM MMONITEXHIYHUN YHIBEPCUTET, YKpaiHa

KaHJIUJAT TEXHIYHUX HaAyK, JAOUEHT Kadeapu aBTOMATHKU Ta
poboToTexHIUHUX cucTeM iM. akaj. [.I. Maptunenka, HarionansHuit
yHiBepcUTeT OlopecypciB 1 TNPUPOJOKOPUCTYBaHHA  YKpaiHH,
VYkpaina.

OPTAHIBALINHUN KOMITET KOH®EPEHIIII

OJaekcanap
Muxaitiaosuy IHimmoan

Cepriii [1aBjoBu4
HosoceJioB

€Bren AnaroJiiioBuy
PaszymoB-®pusok

HaraJjia IlaBaiBua

JleMcbKka

3aCTYIHHK TOJIOBM KOH(EpEeHINi 3 OpraHi3alliiHuX MUTaHb, JTOKTOP
TEXHIYHUX HaAyK, Mpodecop KOMIT'IOTEPHO-IHTEIPOBAHUX TEXHOJIOT1H,
apromatm3arii Ta  pobortorexuiku  (KITAP), XapkiBcbkuii
HaIllOHAJBHUN YHIBEPCUTET PaJIIOCICKTPOHIKH, YKpaiHa.

KaHIWJgaT  TEXHIYHUX  HayK, JOLEHT, mnpodecop Kadempu
KOMITFOTEPHO-IHTEITPOBAaHUX  TEXHOJOTIH,  aBTomaru3amii  Ta
po6ororexniku (KITAP), XapkiBcbKuii HaliOHAIbHHI YHIBEPCHUTET
pamioeNeKTpoHIKH, YKpaiHa.

KaHJUJAT TEXHIYHUX HAYyK, JOICHT, IOLEHT Kadeapu KOMII'FOTepHO-
IHTErpOBaHMX TEXHOJOTIH, aBTOMAaru3allii Ta POOOTOTEXHIKH
(KITAP), XapKiBChKHI HalllOHATBHUHN yYHIBEpPCUTET
pasiioeNIeKTPOHIKH, YKpaiHa.

KaHIU/IaT TEXHIYHUX HayK, JOLUEHT, JOLEHT Kadeapu KOMIIIOTEpPHO-
IHTErpOBaHMX TEXHOJOTIH, aBTOMAarM3allii Ta POOOTOTEXHIKH
(KITAP), XapKiBCbKHM HalllOHAJIbHUH YHIBEpCUTET
pasioeneKTpOHIKH, YKpaiHa.
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Abstract: Positive Energy Districts (PEDs) are a
crucial solution for achieving urban sustainability by
ensuring that districts generate more energy than they
consume. This paper presents a system approach to
analyzing PEDs, focusing on the integration of
digitalization, data modeling, and stakeholder
collaboration. The study explores whether PEDs should
be considered as objects or systems, and how this
distinction impacts energy management and stakeholder
engagement. A system approach considers the dynamic
interactions between buildings, energy systems, and
users, enabling optimized energy balance at the district
level. The methodology emphasizes the integration of
data, simulation, and real-time energy management,
supported by collaboration  between  municipal
authorities, energy experts, and residents. The approach
was implemented in the "SIMPLY Positive" project,
analyzing PEDs across Europe and offering strategies for
overcoming technical, economic, and regulatory
challenges.

Keywords: Positive Energy District, system, object,
attribute, digitalization.

|. INTRODUCTION

Positive Energy Districts (PEDs) represent a forward-
looking solution to achieving urban sustainability goals
by ensuring that districts generate more energy than they
consume. This shift is not only crucial for reducing
greenhouse gas emissions but also for ensuring energy
security in rapidly urbanizing regions. A system approach
to the analysis of PEDs is vital to account for the
complex interrelations between buildings, energy
systems, and environmental factors. This paper explores a
structured system methodology for analyzing PEDs,
focusing on the integration of digitalization, data
modeling, and collaborative frameworks between
stakeholders to optimize the energy balance.

PEDs aim to not only balance energy supply and
demand at a district level but to create energy-positive
environments where surplus energy can be fed into the
grid or used for other purposes. The complexity of
achieving this requires the integration of advanced
technological solutions and a detailed understanding of
the energy flows within urban environments. Thus, the
need for a system approach to analyzing PEDs is evident
as it combines different methods, data sets, and
stakeholder roles to ensure successful implementation
and optimization.

The relevance of Positive Energy Districts (PEDs) has
grown substantially in light of global climate goals and
the urgent need to decarbonize urban environments.
Recent studies have emphasized PEDs as crucial in urban

sustainability, targeting energy balance and local
renewable energy generation [1], [2]. However, critical
gaps persist in how PEDs are approached in research.
Existing models often focus on PEDs as static objects or
isolated technological solutions [3], [4], overlooking the
systemic interrelations between energy infrastructure,
governance structures, and user behavior. This
fragmented perspective limits the scalability and
efficiency of PEDs in dynamic urban environments.
Moreover, while advancements in digitalization and real-
time data monitoring have been recognized as key to
optimizing energy systems [5], many frameworks still
fail to incorporate a truly integrated approach that unites
stakeholders and accounts for both temporal and spatial
variables [6]. Addressing these research gaps is vital for
overcoming the technical, economic, and regulatory
barriers that hinder PED implementation and for ensuring
their scalability in diverse urban contexts. The lack of
such integrated approaches restricts the adaptability of
PED:s to the changing demands of urban energy systems.

This paper aims to develop a structured system
approach for analyzing PEDs, emphasizing the
integration of digitalization, energy modeling, and
collaborative stakeholder frameworks. By treating PEDs
as dynamic systems rather than static objects, this study
seeks to provide a framework methodology to optimize
energy performance and resilience, ensuring adaptability
to varying urban conditions.

I1. 1S PED AN

When analyzing a PED, an essential question arises:
should we consider it an object or a system? The
classification of PEDs as either an object or a system has
significant implications for the analysis and stakeholder
involvement. While there are numerous approaches to
identifying stakeholders, most models highlight the
involvement of buildings, energy generation units,
residents, and governance structures. The distinction
between considering PEDs as objects or systems impacts
how these stakeholders are engaged.

If PED is treated as an object, the involvement of
governance structures is minimized, and while residents
remain external to the analysis, their actions indirectly
influence energy flows within the district. On the other
hand, when PED is viewed as a system, there is a
dynamic interaction between components, including
energy users, buildings, and governance structures, which
leads to a more holistic understanding of energy
management and sustainability.

According to system theory, an object is a distinct
entity with clearly defined boundaries, unique identity,
state, and behavior [7]. In contrast, a system is a

“OBJECT” ORA “SYSTEM” ?
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collection of interconnected components working
together to achieve a shared goal or perform a specific
function [8]. This conceptual difference is critical for
how PEDs are modeled and analyzed. Table 1 provides a
comparative analysis of the key characteristics of objects
and systems [9].

TABLE 1. CHARACTERISTIC FEATURES OF “OBJECT”
AND “SYSTEM”

Attribute | Object System
A separate A set of interconnected
entity with a :
. S components working
Definition | unique identity,
together toward a
state, and
: common goal
behavior
Determined by the
Identity Unique in itself | interaction of
components (objects)
. Always aimed at
It may have its 2 .
Purpose achieving a collective
own goals .
goal or function
Defined by Described by the state
State roperties of all components and
prop their interactions
Described by Defined by functions
. ; and processes
Behavior | actions or f
methods performed by
components

In the context of PED analysis, this distinction
influences the overall approach to energy management.
Table 2 presents examples of the attributes of PED as
both an object and a system.

TABLE 2. COMPARISON OF ATTRIBUTE CONCEPTS FOR
OBJECT AND SYSTEM

Attribute | Object System
Defined by _Charact_erlzed by the
. interaction among
. physical o
Identity - buildings, energy
characteristics and . ;
units, residents, and
components
governance
To functionas a Dynamic,
physical space that | multifaceted, aimed
Purpose generates more at sustainability,
energy than it energy efficiency,
consumes and resilience
Refers to its current A c_iynamlc Measure
. of its overall
State physical and energy
L performance and
characteristics .
operational status
Changes in its Encom_passes
. . ynamic processes
Behavior | physical state over . X
time and interactions
within the district

Understanding whether PED is an object, or a system
has practical implications. For example, treating PED as
an object might focus on optimizing individual energy
generation units or buildings. Conversely, treating PED
as a system encourages an integrated approach, where the
interaction between various components (e.g., smart
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grids, energy storage, and residents' behavior) is key to
achieving positive energy goals.

I11. SYSTEM APPROACH OVERVIEW

A system approach to PED analysis involves
considering all key components within a district,
including buildings, energy infrastructure, climate

conditions, and user behavior. The analysis should be
conducted across various scales, from individual
buildings to entire neighborhoods, taking into account
both temporal and spatial variables. One of the critical
steps in this system approach is identifying the necessary
data inputs for modeling energy balances and integrating
various data sources.

Data sources required for PED analysis typically
include building characteristics, renewable energy
generation potential, weather data, and occupancy
patterns. The methodology should allow for the
collection and integration of real-time and historical data
to capture dynamic changes in energy demand and
supply. A combination of Geographic Information
Systems (GIS), Building Information Modeling (BIM),
and energy management platforms can be used to ensure
accurate simulation of energy flows within the district.

The proposed system approach also emphasizes the
importance of collaborative efforts between district
representatives, energy experts, and  municipal
authorities. This collaboration is essential for the
successful collection of data, refinement of energy
models, and alignment with district energy goals. By
involving multiple stakeholders from the outset, the
system approach ensures that PEDs are designed with
both technical and social considerations in mind.

IV. METHODOLOGY

The methodological approach to Positive Energy
District analysis is based on the systematic integration of
data, modeling, and active stakeholder engagement, all of
which are essential to achieving sustainable energy
balance goals. This study identifies four key stages: data
collection and integration, energy balance modeling and
simulation, establishing a collaborative stakeholder
framework, and leveraging digitalization and real-time
data utilization. These stages were chosen because each
plays a critical role in building an accurate and effective
energy management system at the district level.

1. Data Collection and Integration:
The foundation of the PED analysis system is
the integration of multiple datasets that cover
general building characteristics (e.g., year of
construction, materials, insulation), energy
systems (HVAC, renewable sources), and
environmental ~ factors  (weather  patterns,
shading, orientation). These datasets are
gathered from various sources, including local
databases, satellite imagery, and monitoring
systems. GIS and BIM platforms play a critical
role in managing spatial and structural data,
ensuring that every building’s energy usage and
potential are accurately modeled within the
district's energy framework.

2. Energy Simulation and Modeling:
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The second step in the methodology involves
energy simulation, where software tools such as
EnergyPlus or TRNSYS are employed to model
the energy flows and performance of the district
under different scenarios [10]. These models
must consider the interactions between
buildings, renewable energy installations (solar
panels, wind turbines), and the grid. A system
approach ensures that the energy balance is
calculated not just at the building level but also
at the district level, optimizing the overall
energy performance.
3. Collaborative Frameworks:

A system approach to PED analysis requires the
active involvement of district stakeholders,
including municipal representatives, energy
providers, and building managers. Collaboration
is key in obtaining accurate data, securing buy-
in for energy-saving initiatives, and aligning
PED goals with broader urban sustainability
objectives. In regions with low digitalization,
district representatives play a larger role in
manually collecting data and providing insights
into local energy use patterns.

4. Digitalization and Real-Time Data
Utilization:
In highly digitalized districts, real-time data
from smart meters, sensors, and energy
management  systems can be used to

continuously monitor and adjust energy use in
response to changing conditions. This level of
digitalization allows for dynamic energy
management, where systems can respond to
fluctuations in demand or renewable energy
supply in real-time.

V. RESULTS

The described systematic approach was realized in the
research project "SIMPLY Positive" [11], which
encompasses the characterization and analyses of four
focus districts: GroBschonau (Austria), a district in
Settimo Torinese (ltaly), a district in Resita (Romania),
and the central part of the Amsterdam (Netherlands).

The project emphasizes a systemic approach,
combining urban planning, energy technologies, and
social engagement to ensure that districts not only
achieve energy positivity but also contribute to overall
urban sustainability. One of the key outcomes of the
project is the identification of strategies to overcome
technical, economic, and regulatory barriers, fostering
collaboration between municipalities, industry, and
citizens. The project also provides tools and guidelines
for cities to plan and implement PEDs, helping accelerate
the transition towards climate-neutral cities. By applying
a holistic framework, Simply Positive addresses
challenges such as grid integration, local energy storage,
and dynamic energy balancing, ensuring that PEDs can
operate efficiently within broader urban and regional
energy networks. This systemic approach highlights the
importance of cooperation among stakeholders and the
need for adaptable, scalable solutions that can be
customized to different urban contexts.
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V1. CONCLUSION

A system approach to Positive Energy District analysis
integrates data, digital tools, stakeholder collaboration,
and scenario planning to create sustainable, energy-
positive urban environments. By combining advanced
digitalization with structured methodologies for data
collection, simulation, and stakeholder engagement, this
approach ensures that PEDs can be optimized for energy
efficiency while remaining adaptable to future
challenges. The distinction between PED as an object or
a system plays a significant role in determining the
complexity and scope of the analysis. The system
approach outlined in this paper provides a robust
framework for achieving sustainability goals in urban
energy management, ensuring that PEDs not only meet
today’s energy needs but are also prepared for the
challenges of tomorrow.
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Anomauyin: Y naniii poOOTI NOCHIPKYETHCS MUTAHHS
PO3BUTKY JIMHAMIYHOTO TMPEJCTABICHHS MapaMeTpiB

MOJIeTli, sKa OINHUCYE HABKOJHUINHE  CEPEOBHIIEC
KoJoOopaTtuBHOrO poborta. Po3risHyTi MeTomm Ta
TEXHIKA COPSAMOBaHI Ha CTBOPEHHS CHCTEM, IO

3a0e3meuyIoTh po0OTaM 3aTHICTh aANTYBATHCS JI0 3MiH
y peaJbHOMY dYaci, ONTHMI3YIOUd IX B3aEMOJII0 3
OTOYECHHSM Ta MiJBUINYIOYM 3arajbHy MNPOIAYyKTUBHICTH
POOOTOTEXHIYHMX CHCTEM.

Kniouosi cnosa: Iunyctpis 5.0, KomabopaTusHi
pobotu, [luHamiyHe cepemoBHUIE MOOUIBHOrO po0OTa,
Cencopu.

. BCcTvin

VY CBiTI pPOOOTOTEXHIKM Ta IITYYHOTO IHTEJIEKTY
3pOCTa€e 3HAYYIIICTh PO3BUTKY KOJIOOOPATUBHHUX POOOTIB,
AKi  B3a€MOLIIOTH 3 JIIOABMHA T4  HABKOJIMIUHIM
cepepoBuieM. OJHUM 13 KIIOYOBHUX aCleEKTiB  1X
e(eKTUBHOCTI € 3JaTHICTh pealli3yBaTH aJalTHBHE Ta
JUHAMIYHE  yNOpaBiIiHHS HAa  OCHOBI  IapamerpiB
HaBKOJIMIIHBOTO cepenoBumia. lle Bumarae po3poOku Ta
IMIUIEeMEHTalil METOMAIB, W0 JO03BOJSIIOTE PoOOTaM
3MIHIOBaTH CBOIO IMOBEIHKY Ta Aii B 3aJIE)KHOCTI BiJ| 3MiH
y CepeoBHILI, 10 X 0TOYyeE. B CBOIO Hepry 1ie A03BoJIsie
3pobuti poboUe cepepoBHIle KOIOOOPATHBHOTO POOOTa
OlbII OE3NEeUYHUM IS JIIOIMHM.

I1. IMHAMIYHE TTPEJICTABJIEHHS ITAPAMETPIB
MOJEJII OITMCY HABKOJIMIIIHBOI'O CEPEJOBHUINA
KOJIOBOPATMBHOI'O POBOTA

Po3pobxka MOJEIEH JMHAMIYHOTO OHOBJICHHS
mmapaMeTpiB y MOJeli KOoIabopaTHBHOTO IPOMHCIOBOTO
pobota, moTpebye BIPOBAAWTH MAaTEMATHYHI MOJENI Ta
ANTOPUTMH, SIKi JO3BOJSIOTH AQNAaNTyBaTHCA IO 3MIiH Y

cepemoBumi abo B poboti cucremu. lle wmoxHa
peamizyBaTH 3a  JONOMOTOI0  Di3HHX  HIOXOIIB,
BKIIIOYAIOYM  QITOPUTMHU  AJANTUBHOTO  YIPABIiHHS,

MaIIMHHOTO HAaBYAHHS Ta aJalTUBHOI (piibTparii.

JI71sl IMHAMiYHOTO OHOBJIEHHS po6040oro mpoctopy R?,
MIPOIOHYETHCS BUKOPHCTOBYBATH aJallTUBHI alTOPUTMH
JUTS MOHITOPHHTY 3MiH Y CepeIOBHILI:

R3(t) = R¥(t — 1) + AR®(1) @

Jle: R*(t) - TpuBMMipHmii IpOCTip HA MOMEHT wacy t;

R*(t — 1) - TpuBUMipHHII TIPOCTIp HA MOMEHT Yacy
t — 1, omucye TPUBHMIPHHI TPOCTIp HA MOMEPEAHBOMY
MoMmeHTI dacy. lle 6a3oBa TOuka, 3 SKOi BiIOYBa€eThCS
004YHNCIIeHHS 3MiH.

AR3(t) - mpexcrapise co0OKw 3MiHM B POGOYOMY
MPOCTOPi HA MOMEHT Yacy [, siKi MOXYTh OyTH OLIIHEHi 3a
JIOTIOMOTOI0 CEHCOpiB abo cucremu MoHiTopuHTY. To O
TO BimOOpa)kae Pi3HMIIO a00 3MiHHU, sKi BiIOyJMCS B
TPUBUMIPHOMY MPOCTOPI Mi>K MOMeHTamMu 4acy [ — 1 ta
t. Lli 3MiHM MOXYTh OyTH BHKJIHMKaHI pyXaMH O0'€KTiB,
3MiHAMH B [epuMeTpax Oe3neku abo  IHIIUMHU
(akTopamu.

Ouinka AR?(t) Moxe 3iHCHIOBATHCS 32 JIOTIOMOTOKO
pi3HMX  CeHCOpiB, sKi 3a0e3ne4yyloThb JaHi  Tpo
HAaBKOIMIIIHE ~ cepenoBuiie. SIKi MOXHA  OmMHCATH
HaCTYITHUM YHHOM:

- 3D — ckaHepH, N03BOJSIIOTH 30MpPAOTh JaHi PO
TPUBUMIPHY T'EOMETpil0 HABKOJMIIHBOTO CEpPEIOBHUIIA
KOJIOOOPATHBHOTO MPOMHKCIIOBOTO poOoTa MaHiMymsaTopa,
IUISIXOM  TOPIBHSHHS 3HATI  JlaHi 3 TONEepeIHIMU
CKaHyBaHHSIMHM JUI BU3HAYCHHS 3MIH Y CepelOBHIII,
MOZENb TaKkoi OLIHKKA MOXKHA MPEICTABUTh HACTYIHUM
YHHOM:

AR?(t) = Data’ — Data?P; 2

Ue: Data?” - € panumu, otpumanumu Big 3D —
CKaHepa Ha MOMEHT 4acy t

Data}”, - € naHuMu Ha MONEpPeHBOMY MOMEHTI 4acy
t—1.

- Light Identification, Detection and Ranging (LIDAR)
BHUKOPUCTOBYIOTh JIa3epHI IMIYJIBCH [UI BH3HAYCHHS
BiJICTaHI 10 O00'€KTiB i CTBOPEHHS TOYHUX TPUBUMIPHUX
KapT, JO3BOJISIE TPOBOIWUTH aHANI3 MAaHWX 3 JiJapHUX
CKaHepiB U1 BU3HAYEHHS 3MiH Y PO3TallyBaHHI 00'€KTIB,
MOZENb TaKoi OIIHKMA MOXKHA NPEICTABUTh HACTYITHHM
YHHOM:

AR?(t) = Datal'P4R — Datal/DAR 3)

Jle: Datal™™*® - ¢ nanumu, otpumannmu 3 LIDAR Ha
MOMEHT 4acy t,

DatafiglAR
t—1.

- kamepu (2D abo 3D) 36mpaioTe 300paxkeHHS abo0
BiJleO UIA BHUSBICHHA OO'€KTiB 1 iX 3MiH y TpOCTODI,

JIO3BOJISIIOTh BUKOPUCTOBYBATH METOIM KOMII'TOTEPHOTO
3opy Ta I mnst TpekiHry oO'eKkTiB 1 OIIHKH IXHIX

- € TaHWMH Ha TOTIEePEJHHOMY MOMEHTI 4acy

M&MS 2024, 25-26 October, Kharkiv, Ukraine



HepeMiHIeHB, MOJIETIb TaKOi OHiHKI/I MOXXHa MPEACTaBUTH
HAaCTYITHUM YUHOM:

AR?(t) = Dataf*™ — Dataf™" 4)

He: Data;™™ — no3uiis 00’ €KTy 10 JaHUM OTPUMAHUM
3 KaMepu Ha MOMEHT 4Yacy t;

Data;™7 - mo3uiis 00’€KTy OTpHMaHi 3 KaMepu Ha
rorepeIHOMY MOMEHTI yacy t — 1.

- ceHcopu BiacTaHi (YJbTpa3ByKOBi, Jla3epHi, 1.T.7 )
(Serns) BUMIPIOIOTH BiZICTaHB JI0 OO'€KTIB Y peaibHOMY
Yaci, To 0 To 30MpalOTh JaHi Mpo 3MiHM y BIJCTaHAX 10O
00'eKTiB /IS OI[IHKM 3MiH Yy CEpEJOBHII, MOJIENb TaKOl
OIIIHKY MO>KHA TPE/ICTABUTH HACTYITHUM YHHOM

AR®(t) = Data*™ — Data*}® 5)

Hle: Data;*™ BIZICTaHb 7O OO0’€KTy IO JaHUM
OTPUMAaHKM 3 CEHCOpa HA MOMEHT 4acy t;

Sens : 5 :

Data;?’y — BifcTaHb 10 00’€KTy OTPUMaHi 3 CeHCOpa
Ha ToTepeIHbOMY MOMEHTI yacy t — 1.

Ha ©0a3i 2-5 MoxHa IIpeacTaBUTH
TPUBUMIPHOMY IPOCTOPI MOXKHA OMUCATH SIK:

3MiHH Y

AR?(t) = (Data??, Datal’4®, Datat™™, Data ™) —

—(Data??,, Datat™5*®, Dataf®}, Data

He: DatafD, Datafwm, Data;™", Datafe’“ - € JaHNMH,
OTPUMAaHHUMH BiJl CEHCOPIB HA MOMEHT 4acy (;

Data?fl, Datafiﬂl“, Data;™7, Datafi”f - € JaHHMH

OTPHMAaHUMH Ha [OMEPeIHEOMY MOMEHTI yacy ¢t — 1.

KomOiHyBaHHS I1MX JaHHUX JIO3BOJISIE  aJalITHBHO
OHOBITIOBATH omuc TPUBUMIPHOTO IpoCTOpY,
BpaxoBYIOUM 3MIHM Yy CEpelOBHINI, 1 3a0e3neduTd
TOYHICT, 1 e(EeKTUBHICTL pPOOOTH KOJAOOPATHBHOTO
po00Ta MaHIMyNATOPA.

PobOoua 30Ha ([J) MOXe AWHAMIYHO 3MIHIOBATHCS B
3aJIeKHOCTI BiJl 3MiHM OO0'€KTIB y HpocTOpi abo 3MiH Y

nepumerpax Oesmeku ()
HACTYITHUM BHPA30M:

safe) TA MOXe OyTH ornucana

D(t) = D(t — 1) U AD(t) 7)
He: D(t) - poboya 30HA HA MOMEHT 4Yacy [, OMHUCYE
MpOCTip, B SKOMY IIpamioe poOOT, BKIIOYAIOYM BCi

o6'extH () Ta mepumeTpu Oe3nexu (Q,, ¢, ), AKI MOXKYTb

safe
BIUmBaTH Ha Horo mii. lle moxe Oytn oOmexeHa
0o0macT, B SKii MAaHIYyJIATOP BHUKOHYE 3aBIAHHS, 3
ypaxyBaHHSM yCiX HOBUX 00'€KTIB 1 3MiH y CEpeIOBHIIIL;

D(t — 1) - poboua 30Ha HAa MOMEHT Yacy t — 1, onmcye
pobody 30HY Ha TomepeaHbOMy MoMeHTI dacy. Lle
0a30Ba TOYKa, 3 K01 BiIOyBa€eThC 00UMCIICHHS 3MiH;

AID(t) - 3MiHK B poOOUiif 30HI HA MOMEHT 4acy t, sKi
MOXYTh OyTH ommcaHi SK HOBI ab0 3MiHEHI oOyacTi
pobodoro mpoctopy, To 0 TO BimoOpa)kae HOBiI 00'€KTH
a00 3MiHU y HasBHHUX O0'€KTax, IO 3'SBHIMCH a00 Oyim
3MiHEHI B po0Oodiif 30HI MK MOMeHTamH dacy t — 11 t.
e moxxe OyTH, HaNIPUKIIad, HOBHIA 00'€KT, IepeMilIeHIHA
00'exT a00 3MiHa B IEpUMETPax Oe3MeKu.
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(6)

Junamiuaa po6oua 30Ha (ID(t)) Moxke OyTH OITHCaHa SK
CHUCTEMa, IO IMOCTIHHO OHOBJIOETHCS Y BIAMOBIL Ha
3MiHM B cepefoBuii (AD(t)). OHOBIEHHS MOXe
BinOyBaTHCh y peaJbHOMY 4Yaci 3aBISKH JaHUM 3
ceHcopiB 1 kamep (2-5), sKi BIACTeXYIOTb 3MIiHH B
cepefoBuili. B Hacminokx doro AIN(f) B paMKax JaHUX
JIOCITIJPKEHb MOYKHA ITPEJICTABUTh HACTYITHUM YHHOM:

- 3D-ckanmepum Ta Jimapu 30UpalOTh JaHi PO
TPUBUMIPHY T€OMETpII0 CEpeJOBHIA, BU3HAYAIOUN HOBI
o0'ektn abo 3MiHM y posramyBaHHi o0'ekTiB. Hosa
iH(opMarlis, oTpuMaHa BiJ ckaHepiB abo JijapiB, MOXe
OyTH IpencTaBlieHa SK JOJATOK JI0 MONEPeHbOI 30HH Ta
MoOKe OyTH onrcaHa HACTYITHUM YHHOM:

AD(t)= (3D, LIDAR (8)

new
Jle: Q3DHPAR - yopi  o6'extu abo 3MiHM Y
posramryBaHHi 00'e€KTiB, OTpUMaHa BiJ CKaHepiB abo
Jiiapis,

- kamepa (-u) 30HMparoTh 300pakeHHs ab0 Bimeo It
BUSIBJICHHSI HOBUX 00'€KTiB ab0 3MiH y cepenouii. Hosi
abo 3MiHEeHI O00'eKTH, BUSBJIEHI Ha 300paKCHHSIX,
JIOZIAI0ThCS 10 poOouvoi 30HM Ta MoOXe OyTH OIHcaHa
HACTYITHUM YHHOM:

AD(t)=Qoar 9)

new

He: Q2™ - HOBi 00'ekTH a0 3MiHM y pPO3TalllyBaHHI
00'eKTiB, OTpHMaHa 3 KAMEpH;

- CEHCOpHU BIJCTaHI BUMIPIOIOTH BiJICTaHb JI0 O0'€KTIB,
[0 JO3BOJISIE BUSBATH HOBI 00'¢kTH abo 3MiHM B IX
po3TallyBaHHi, HOBI JlaHi BiJl CEHCOpIB BiJCTaHi
BHOCSITBCSL B po0OYy 30HY, Ta MOXKe OyTW oIucaHa
HACTYITHUM YUHOM:

AD(t)= Q%" (10)

new

He: ;7" - HOBI 00'ekTn a00 3MiHM y PO3TallyBaHHI
00'eKTiB, SIKI OyJIM OTPUMaHI 3 CEHCOpIB BiJCTaHi;
BHachmigok 4oro MareMaTHYHH ONUC JAUHAMIYHOI
po6o40i 30HM, MOXKHA OTPUMATH HUIIXOM MOJEpPHI3aIlii
BHUpa3y 7 Ta BHUKOpUCTaHHA BupasuB 8-10, pesympTat

JAHHOW pillleHHS NPUBEICHO HIDKYE:

D(t) = (Data??,, Datat54®, Datal™}, Data;®" aﬁiﬁ;ﬁw‘m

3D,LIDAR
t—1

\Removed (Q , Q0T Q)

. 3D LIDAR cam Sens _
He:  Data,”,, Data,”\"", Data;"7, Data;”’ ue
poboua 30Ha KamaOpaTUBHTO pPoOOTa MaHIIMyIATOpa Ha
Momepe/iHiii MOMEHT dYacy, BCi 00'ekTd i 00macTi, siKi
Oynu akTyaJbHHMH Ha MOMEHT f — 1, ¢opManpHO I
po3umpene npeacrasiens (¢ — 1) 3 Bupazy 7;

3D,LIDAR cam sens : ( :

Qogrr 0, Qe Q070 - 1e HOBI 00'eKTH, fKi Oymm
IoJaHl 10 p060q0'1' 30HM MK MOMeHTamu vacy £ — 11 ¢,
BHACIIJIOK IIHOTO - 00'€KTH 3'SBIUIMCH y poOOUiif 30Hi 1 iX
HEoOXiTHO TOJIATH 10 TIONepeIHbOI 30HHU, (POpMAITBHO 11e
posumpene npenactasieHss AD(t) 3 Bupazy 7;

3D,LIDAR ~cam ysens g :

Removed (0, Q0T Q) - me ol'extH, sKi
Oyau B poGouiil 30HI panime (Ha MOMEHT wacy t — 1),
aje Temep OUTbIIEe HE € YacTHHOO 30HU. Lle Moxe OyTn

M&MS 2024, 25-26 October, Kharkiv, Ukraine



Yepes Te, 10 00'eKTH IepeMicTuincs, Oyiu BuajieHi abo
OiJIbIle HE € aKTyaJIbHIMHU.

Buxonsaun 3 11
3D LIDAR cam Sens
Data;”,, Data, """, Data;”}", Data;”;" U
3D,LIDAR cam sens
Q‘new ? Qnew’ Q‘new
- onepartd O6’€I[HaHHH JBOX MHOXHH — HOHepeZ[HLOI

pobouoi 300K Ta HOBUX 00'ekTiB. Lle cTBOpIOE OHOBIIEHY
MHOXHHY 00'eKTiB, 5IKi € B poOOUili 30HI HA MOMEHT [,

BKJIIOYAIOUH HOBI 00'exTH, a Removed
3D,LIDAR cam sens 1 1 1
(o3t , Q5 QFeny orepariss Pi3HUI[ MHOKHH

BHJAJIAE O0'€KTH, sAKi OiIbIIC HE € YaCTHHOK pPOOO0YOi
30HM. ToOTo, 3 pe3ynprary o00'eHaHHS (3 HOBUMH
00'eKTaM¥) BUJAIAIOTHCS Ti 00'€KTH, SKi Oy BUIAJICHI
a0o OiybIlle HE aKTyalbHi.

[MpuBenemo mnpuknan sik 11 go3Bonsie AMHAMIYHO
OHOBJIIOBATA POOOYY 30HY, amANTYI4d I JO 3MiH Y
CepelIOBHUIIl  KOJI00apaTiBHOrO pPo0OTa MAaHIMyJIATOpA.
[punyctumo mo, poboya 30Ha KajgaOpaTUBHIO poOOTa
MaHIOyJiATOpa  HA  [MOMEPeNHid  MOMEHT  4Yacy
D(t — 1) = {A,B,C} Mae HacTynHi O0’€KTH , TaKOX
HPUITYCTUMO nosiBy Q70" = {D, E} - 1le HOBi 00'€KTH, 5IKi
Oynu jonaHi 10 poOOYoi 30HM MK MOMEHTaMH 4acy
t—11t, npu oMy 00'€KT MOKHHYB poOouy 30HY {B},
Ta Oinblie He € 1 yactuHoro. Toxi BigmosigHo g0 11,
ob'emnanns:  {A,B,C}u{D,E} = {A,B,C,D,E}, a
BunaneHus {A,B,C,D,E}\{B}=1{4,C,D,E}. Taxum
YHHOM, Ha MOMEHT [, poboya 30Ha D(t) Oyzae BKIOYATH
ob0'exktn {A,C,D,E} Bukmoudatrouun oO0'ekTH, siki Oyim
BHU/IaJIeHi. 3arpornoHoBana Moienb 11 Ha 6a3i 7 mo3Bosse
JMHAMIYHO OHOBJIIOBATH POOOYY 30HY, aJanTyouu i 0
3MiH Y CEpEIOBHILi, L0 € BXJIMBUM JUIi TOYHOCTI 1
Oesriekd  poOOTH  KOJNAOOPATUBHHUX  IPOMHCIOBHX
poOOTIB.

Mogenb auHaMiku 00'€KTIB B IPOCTOPI, Oa3yeThCsl Ha
MozieNli 00'€KTH B IIPOCTOpi (1, Ta MPEACTaBIIAE COOOIO K
obOmacTi 3 TEBHHMMH TE€OMETPHYHMMH dopmMamu 1
po3MipaMy, MaTeMaTH4YHE ONUCAHHS SKUX IPHBEICHO B
Jonxatky B. [l qMHAMIYHOTO OHOBJICHHS PO3TAlIyBaHHS

00'€KTiB ();, IPOIOHYETHCS BUKOPHCTOBYBATH aJITOPUTMH
TPEKiHTI'y 00'eKTiB. BUXOs4M 3 1IbOr0 MOJEIb JUHAMIKA
00'ekTiB B poOO4Yil 30HI KOJApaTIBHOrO poOOTa
MaHIMyJIATOpa MOYHA TPEACTABUTh B HACTYIIHOMY
BUTIISII:

Q,(t) = a,(t—1) + 20,(t 12)

Jle: Q,(t) - MHOXHMHA 06'eKTiB y MPOCTOPi HA MOMEHT
gacy t, me craH O0'€KTIB y HPOCTOpi HA IMOTOYHUHA
MOMEHT 4acy t, Ta BKJIIOYa€ BCi 00'€KTH, Ki € Y poOodiii
obmacTi KoI0OpaTiBHOTO poOOTa MaHIMyJIATOpa Ha Iel
MOMEHT;

Q,(t — 1) - MHOXHHA 0G'€KTIB y IPOCTOP] HA MOMEHT
gacy t — 1, € ctaH 00'€KTiB y MPOCTOPi HA MOIIEPETHIH
MOMEHT 4acy t — 1, e 6a30Ba MHOXWHA 00'€KTiB, 3 SKOT
MOYNHAETHCS] OHOBJICHHSL.

AQ; (t)- 3MiHa B MHOKHHI 00'eKTiB 3a mepiog Bigx t — 1
g0 t, ToOTO HOBI 00'€KTH, SKi 3'IBUIMCH, a00 3MIiHH B
icHyrounx 00'extax. To 6 TO 1€ PI3HUIA MiXK IIOTOYHUM 1
morepenHiM CcTaHoM 00'ekTiB. BoHa MoOke BKITIOYATH
HOBI 00'€KTH, sKi 3'IBIIIACH, 200 3MIHH Y BIaCTHBOCTSIX
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icHylounx 00'€KTiB (HalpuKiIaj, TMEpeMileHHs, 3MiHa
po3Mipy, 3MiHa CTaHy).

Mopens 12 omucye, SK OHOBIIOETHCS MHOXHHA
00'€KTIB y TIPOCTOPI 3 YacOM, II€ JO3BOJISIE BPaXOBYBATH
MUHAMIYHI 3MIHH B CEpEJOBHII, Taki SK JOJaBaHHS
HOBUX 00'ekTiB abo0 3MiHM B icHyroumx. [IpuBenemo
MaTeMaTHYHIA OMHC, MHOXKHHA O0O0'€KTIB Ha MOMEHT t

MOXKe OyTH onrcaHa SIK
D‘i (t) = {ch Qc_v’ Qco" ch' "= qu}a ac
Q. Q0 Qpp Q-+, Q,, - o0'ekTH B TIPOCTOPI,  SIKI

Ipe/CTaBieHi K 00JacTi 3 NMEBHUMH T€OMETPHYHHMH
dbopMamu i po3MmipaMu, BiIIOBiMHO A0 2.6. 3MiHH B
o0'ektax AQ;(t) Moxe OyTH poO3JiieHe Ha JBa THIHU
3MiH: HOBi oO'ekTm AQ; (t) Ta oO'exT, ski Oymm
BHJaIeH] abo 3MineHi AQ; (t). Tomi:
AQ, () = AQf (H) U AQ; (1) (13)
Buxomsun 3 12 ta 13 oHOBJIEHA MHOXHHA OyJe MaTH
HaCTYIHIN BU:

Q,(t) = o,(t — 1) uAQ] (D\AQ] (D) (14)

ne: Q,(t—1) - MHOKMHA 00'eKTiB y mpocTopi Ha
MOMeHT 4acy ¢ — 1, € craH 0O0'€KkTiB y mpocTopi Ha
MoTNepeaHiii MOMEHT 4vacy t — 1, me 0a30Ba MHOXHHA
00'€KTiB, 3 SIKOT TOYMHAETHCS OHOBJIEHHST,

AQ} (t) - HOBI 00'exTH B poOOUi 30HI KOIaOpaTiBHOIO
poboTa MaHINyNATOPA;

AQ; (t) - ob'extH, siKi Oymu BuaseHi abo 3MiHeHi B
pobouiii 30H1 KoJlapaTiBHOTO poOOTa MaHIITyJISITOpA.

SIk mpuKian, TPUIYCTUMO, IO pPOOOoUi 30HI €
HACTYIHI 00'ekTH, Ha MOMEHT t—1:
Q,(t— 1) ={A,B,C}, HOBi 00'¢KTH Ha MOMEHT t(:
AQ} (t) = {D} Ta o0’extn, sAki Oymu BuAaneHi a6o
3MiHeHI Ha MOMeHT t: AQ; (t) = {B}. Toxi BianosixHO
1o 14 MaeMo HACTYIIHY OHOBJICHY MHOXKEHY '

o,(t) = {A,B,C} U (D)\(B} = {4,C,D} (15)

TakuM 4MHOM, Ha MOMEHT 4acy t, 00'ekTiB B poOouiii
30HI  KOJapaTiBHOTO poboTa MaHimynsrtopa Oyne
{A4,C,D}, ne o0’ext B OyB BupaneHuil, a o0'ekt D OyB
IOJAHUI.

[pumyctumo, 0 KOJI0OOpaTHUBHUM poboTt
MaHIIyJIATOp, SKUH CIOYAaTKy HAaBYMBCS PO3Mi3HABATH
TPH OCHOBHI THIH OO'€KTiB y poOouiil 30HI. OmHak y
mporieci poboTH poOOT CTUKAETHCSA 3 HOBUMHU 00'€KTaMu
(12), sxi motpiOHO pos3mi3HaBaTH, ab0 3 HOBUMHU
CUTYaIlisIMH, SIKi BUMAraloTh 3MIHH TPaBHJI YIIPaBIiHHSL

BiamoBimHO TOYATKOBMII CTAaH HaBYEHOI MOIEl Ha
MOMEHT Jacy t — 1 OyJe MaTi HACTYIHIA BUTIIS:
M(t —1) =Q,,Q,,Q, (16)

He: Q. — 00’exT po3mi3HaHiH Ik 00IacTi 3
TEOMETPUIHOIO (POpPMOTO KYO;

Q, - 00’exT po3Mi3HaHiH K 00JaCTi 3 TEOMETPUYHOIO
(hopmoro muTiHAp;
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€, - 00’€XT po3Mmi3HaHil Ak 001aCTi 3 FeOMETPHIHOIO
(hopMOFO KOHYC.

PoGor 3i06paB HOBI JaHi Ta MNPOHIIOB JONATKOBE
HaBYaHHS JUI1 pO3Mi3HaBaHHS HOBOTO TUIy 00'€kTa
(manpuknaf, mapaneneninen (£,,)) ad0 HOBHX IPaBUT
MTOBEIIHKU TIPH B3aeMoii 3 M 00'ektoM. Tomi 3MiHU B
HaB4YaHHI AM (t) OyIyTh MaTH HACTYITHIH BUTIIS;

AM(t) = Q,, + HOBinpaBuJa NOBeJiHKU a7

He: Q. 00’€KT po3mi3HaHId sk ob0iacTi 3
T€OMETPUYHOI0 (POPMOIO IPSMOKYTHHI Tapajiesierimne].

Toni oHoBNeHNIT cTaH HABYEHOI MOZEINI HA MOMEHT
yacy L, JUIsl JaHHOTO MPUKJIary Oylie MaTh HACTYITHUI
BUTJISIL

M(t) = Q. 0,9, +Q,,, + HOBi IpaBHJIa IOBEIIHKH
I1l. BUCHOBKM

3anponoHoOBaHa MOJCNb TUHAMIYHHX OO'€KTIB B
poOouiii 30HI KOJIOOOPATUBHOTO POOOTa MAaHIMYJIATOPA,
JIO3BOJISIE  CHCTEMi JIMHAMIYHO OHOBJIOBATH CITUCOK
00'€KTIB y CEpEeIOBHIIL, 110 BAXIMBO I 3a0C3MCUCHHS
TOYHOCTI 1 aKTyaJlbHOCTI JIlaHUX Y pOOOTH30BaHUX
cucrtemMax. Takum 4MHOM, poOOT MaHIMyJSATOP MOCTIHHO
alanTye CBOIO MOJENb Ha OCHOBI HOBHX 3HaHb, IO
JIO3BOJIIE  MOMY  Kpallle CIOpPaBISTHCS 3  HOBHMH
curyauisimu abo ob'ekramu B poOouiii 30HI. lle mMoxe
OyTH peaii3oBaHO SK YacTHHA AITOPHUTMIB MAIMHHOTO
HaBYaHHS, sKi I03BOJISIIOTh pOOOTY «HABYATHUCSY i Yac
pobotn, abo  uyepe3  OHOBJEHHS  IPOrPAMHOTO
3a0e3reyeHHs Ha OCHOBI 3BOPOTHOTO 3B'S3KY Bl
CEHCOPIB 1 CUCTEM YIPaBIIiHHSL
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Abstract: This paper discusses innovative solutions in the
automation of power grid management aimed at increasing
energy efficiency in Ukraine, particularly in the context of
energy shortages caused by the war. Specific technologies and
their impact on energy security are proposed.
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I. Introduction

Energy is a valuable resource, limited in its
availability. In the modern world, humanity is constantly
seeking ways to improve energy consumption efficiency,
as this issue is not only about savings but also about
responsibility to future generations.

In the context of a global energy crisis, driven by rising
prices and resource depletion, it is important to realize
that our electricity consumption today has a direct impact
on the lives of future generations. The quality of life of
our descendants and their ability to enjoy comfort depend
on the approaches we choose for utilizing energy
resources.

This awareness drives the search for innovative
technologies and solutions that can reduce energy
consumption and lessen the negative impact on the
environment. It is necessary not only to meet the needs of
today but also to leave a sustainable and clean world for
future generations. In this context, the automation of
managing the elements of the power grid is critically
important, as it allows for optimizing energy
consumption and ensuring the effective use of resources,
which, in turn, will contribute to the preservation of our
planet

Il. Overview of Relevance

With the onset of the war in Ukraine, the relevance of
efficient electricity consumption has significantly
increased. The conflict has led to energy shortages,
resulting in numerous power outages. This has created
new challenges for consumers, businesses, and the state
as a whole, as it affects not only the comfort of citizens
but also the economic stability of the country.

In conditions of electricity scarcity, it is essential not
only to reduce consumption but also to implement new
automation technologies capable of significantly
enhancing energy efficiency. In this context, the
automation of managing elements of the power grid gains
particular importance, as it can become a key factor in
ensuring reliable and efficient use of energy resources.

In the context of Ukraine's energy security, it is
important to note that the Energy Security Strategy of
Ukraine emphasizes the need to synchronize Ukrainian
energy systems with European ones, which will allow for
sustainable development of the energy sector, particularly

through the automation of networks. In this regard, the
automation of power grids is one of the key steps toward
achieving a secure and efficient energy system [1].

Analysis shows that the relevance of research and
publications related to the automation of managing
elements of power grids to enhance their energy
efficiency is very high. One of the leading technologies is
Smart Grid. In 1886, the first alternating current power
grid was launched in Great Barrington, Massachusetts. It
was a centralized system managed on demand.

In the 20th century, local networks began to
interconnect to improve efficiency and reliability. By the
1960s, they transformed into large systems supplying
energy from thousands of power plants to industrial and
residential consumers through high-voltage lines.

The rapid increase in demand since the 1970s required
the construction of new power plants. During peak loads,
this led to outages, prompting consumers to demand more
reliable services. By the end of the 20th century, heating
and air conditioning systems had become the main
energy consumers, leading to peak loads during the day.
This increased the costs of maintaining the grid, which
were reflected in tariffs.

In the 21st century, countries like South Korea, China,
India, and Brazil have become leaders in implementing
modern smart energy systems. In the 2020s, the number
of publications on this topic in Ukraine has increased
nearly threefold; a pie chart comparing the number of
publications is presented in Fig. 1.
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Fig. 1. Number of Publications in Different Periods of the
21st Century

The diagram shows the number of published articles
on the topic of automation of managing elements of
power grids to enhance their energy efficiency for four-
time intervals. The percentages in the diagram reflect the
share of each interval in the total number of publications
released on this topic in the 21st century.
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Figure 2 presents a diagram demonstrating the
dynamics of the number of published articles over the
period from 2020 to 2024.
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Fig. 2. Number of Publications in Recent Years

As can be seen from the figures, the number of
publications continues to grow. According to the Energy
Security Strategy of Ukraine, about 50% of Ukraine's
power grid is in a state of disrepair, significantly
complicating its operation. This situation necessitates the
implementation of innovative solutions, such as
monitoring and automation systems, which can help
restore and optimize the functioning of the networks. The
automation of networks will reduce the load on the aging
infrastructure and enhance its efficiency [1].

Automation of managing elements of power grids to
improve energy efficiency encompasses several key
areas. One of these is smart grids (Smart Grid), such as
ABB Ability and Siemens Spectrum Power. ABB Ability
enables the automation, optimization, and resilience of
operations across Vvarious sectors, increasing the
reliability and efficiency of energy networks [2]. Siemens
Spectrum Power specializes in reliable and efficient
management of energy markets, allowing for the
integration of various energy sources and real-time
management [3].

Another area is substation automation. Schneider
Electric’s EcoStruxure solution allows for monitoring
and remote control of key components of the power grid,
significantly enhancing its operational efficiency [4]. GE
Grid Solutions provides solutions for the transmission
and distribution of energy, facilitating continuous energy
supply and minimizing losses [5].

In the field of demand response management, notable
solutions include Oracle Utilities Opower and Enel X
Demand Response. Oracle Opower employs artificial
intelligence and behavioral technologies to influence
consumers, helping them reduce energy consumption
through analysis and information [6]. Enel X Demand
Response enables consumers to adjust their energy
consumption based on the state of the grid, helping to
reduce load and increase stability [7].

The integration of renewable energy sources is an
essential component of modern power grids. Schneider
Electric's Advanced Distribution Management System
(ADMS) provides automatic balancing of energy flows
and minimizes losses, allowing for the effective
integration of solar and wind energy [8]. Siemens'
Decentralized Energy Management integrates
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decentralized energy sources, optimizing their use and
increasing grid flexibility [9].

Particular attention should be paid to real-time
monitoring and control systems. With solutions like
Honeywell Energy Control System and OSlsoft PI
System, it is possible not only to continuously monitor
the condition of the grid but also to automatically adjust
energy flows to maximize efficiency [10]. These systems
provide analysis, load management, and help reduce
energy losses in networks [11].

The results of implementing automation in power grids
and energy-efficient technologies in various countries
demonstrate significant progress in improving energy
consumption efficiency. In the U.S., for instance, Smart
Grid technologies have become the foundation for
modernizing the power grid following the Recovery and
Reform Act of 2009, which allocated about $4.5 billion.
As a result of these measures, electricity losses have been
reduced by 10-15%, and the reliability of energy supply
has improved, particularly in California, where the
duration of outages has decreased by 25%. The
implementation of renewable energy sources has also
gained momentum, with wind and solar energy now
accounting for about 20% of the overall electricity
consumption balance in some states [12].

Germany is implementing the "Energy Transition"
(Energiewende) policy, which involves gradually
reducing dependence on fossil fuels and increasing the
share of renewable sources. In 2020, the share of
renewable sources in total electricity production
exceeded 50%, and CO2 emissions decreased by 42%
compared to 1990 levels. The deployment of smart
meters allows consumers to monitor their consumption
and optimize electricity costs [13].

In South Korea, the Smart Grid project has been
implemented in the city of Gwangju, incorporating
demand management systems and smart meters. This
implementation has resulted in a 20% reduction in
electricity consumption during peak hours, as well as
significant savings on electricity costs through the
integration of renewable energy [14].

These examples demonstrate how automation and
modern technologies can significantly enhance the
efficiency of power grids and energy security, which is
an important direction for Ukraine in the context of its
energy transformation.

Among the implemented automation projects, the
introduction of automated electricity commercial
accounting systems (ACCS) should be noted. This
system optimizes electricity consumption, reduces losses
in distribution networks, and ensures more accurate
accounting of consumption. Thanks to ACCS, energy
companies can manage their resources more effectively,
improving the overall stability of the energy system [15].

Automation systems for managing electricity supply
modes and lighting have also been implemented,
allowing for the optimization of urban electrical networks
[16].

Ukraine faces numerous threats in the energy sector,
including market monopolization, infrastructure wear,
and dependence on energy resource imports. These
problems significantly limit opportunities for sustainable
development of the energy system. The automation of
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power grids is critically important for overcoming these
challenges and ensuring reliable energy supply.

I11. CONCLUSIONS

Automation of managing elements of power grids to
enhance their energy efficiency is a crucial link that
affects stability, economic, and human resources.

To address the current issues in Ukraine’s energy
system, it is advisable to implement several ready-made
solutions that can be the most beneficial.

First, smart grids (Smart Grid) can significantly
optimize energy consumption and reduce peak loads. The
implementation of Smart Grid technologies, such as
solutions from ABB Ability, will facilitate the integration
of renewable energy sources, which, in turn, will reduce
dependence on imported fossil fuels.

Second, substation automation using technologies from
companies like Schneider Electric will increase the
reliability of energy supply and reduce maintenance costs
for infrastructure. This solution will also help lower the
likelihood of accidents, which is critically important for
the stability of the energy system.

Third, demand response management systems, such as
solutions from Oracle Utilities Opower, will allow users
to adapt their energy consumption. This will reduce the
load on the grid during peak periods, improving the
overall stability of the energy system.

The experience of other countries confirms the
effectiveness of these technologies. For example, in the
U.S., the implementation of Smart Grid has led to a 10-
15% reduction in electricity losses and improved supply
reliability. Germany, by implementing the "Energy
Transition" policy, has achieved a share of renewable
sources in electricity production exceeding 50%. In South
Korea, the Smart Grid project in Gwangju has resulted in
a 20% reduction in electricity consumption during peak
loads.

In general, the implementation of these solutions will
enhance Ukraine’s energy security, improve the stability
of energy supply, and reduce energy poverty, creating a
favorable environment for investment in this sector.

Therefore, the successful implementation of power
grid automation is a key condition for achieving the
strategic goals of Ukraine’s energy security, as outlined
in the Strategy until 2025. This will reduce dependence
on imported energy resources, decrease infrastructure
wear, and improve energy resource management, which
is critically important for the country’s economic
development.

REFERENCE LIST

[1] EUEA. "Overview of Ukraine's Energy Security
Strategy by EUEA" — [Electronic resource] URL:
https://euea-energyagency.org/uk/novyny-ta-
podiyi/novyny-rynku/oglyad-strategiyi-
energetychnoyi-bezpeky-ukrayiny-vid-yeuea/.

[2] ABB. "ABB Ability" — [Electronic resource] URL:
https://global.abb/topic/ability/en.

[3] Siemens. "Grid Control" — [Electronic resource]
URL:
https://www.siemens.com/global/en/products/energy/
grid-software/operation/grid-control.html.

21

[4] Schneider Electric. "EcoStruxure™ — [Electronic
resource] URL:
https://www.se.com/ww/en/work/campaign/innovatio
n/platform.jsp.

[5] GE Vernova. "Grid Solutions™ — [Electronic resource]
URL.: https://www.gevernova.com/grid-solutions/.

[6] Oracle. "Opower Energy Efficiency” — [Electronic
resource] URL:
https://www.oracle.com/utilities/opower-energy-
efficiency/.

[7] Enel X. "Demand Response™ — [Electronic resource]
URL: https://www.enelx.com/n-
a/en/utilities/distributed-energy/demand-response.

[8] Schneider Electric. "Advanced Distribution
Management System (ADMS)" [Electronic
resource] URL:

https://www.se.com/ww/en/work/solutions/for-
business/electric-utilities/advanced-distribution-
management-system-adms/.

[9] Siemens Energy. "Omnivise Hybrid Control" —
[Electronic resource] URL: https://www.siemens-
energy.com/global/en/home/products-
services/service/omnivise-hybrid-control.html.

[10] Honeywell. "Energy Control System" — [Electronic
resource] URL:
https://process.honeywell.com/content/dam/pmt/en/do
cuments/gated/HPS%20BR0O%20RDA%?20-
%20EECS%20A4%20V5.pdf.

[11] AVEVA. "PI System" — [Electronic resource] URL:
https://www.aveva.com/en/products/aveva-pi-
system/.

[12] "Digitalization of Energy: How Smart Grid
Technologies Will Help Rebuild Ukrainian Power
Grids," Mind.ua — [Electronic resource] URL:
https://mind.ua/publications/20273149-cifrovizaciya-
energetiki-yak-tehnologiyi-smart-grid-dopomozhut-
vidbuduvati-ukrayinski-energomerezhi.

[13] "Building Smart Grid - A Path to Increasing the
Resilience of Ukraine's Energy System," Ukrinform —
[Electronic resource] URL:
https://www.ukrinform.ua/rubric-economy/3863598-
rozbudova-smart-grid-slah-do-pidvisenna-stijkosti-
energosistemi-ukraini.html.

[14] "Implementation of Energy-Efficient Technologies
in New Construction," Science.lpnu.ua — [Electronic
resource] URL:
https://science.lpnu.ua/sites/default/files/journal-
paper/2020/dec/22823/02-bakhtin.pdf.

[15] "Automated Commercial Electricity Accounting
System (ASKOE)" - [Electronic resource] URL:
https://grandtesla.com.ua/service/askoe.

[16] DOl "Analysis of the Prospects for the
Development of Distributed Generation Systems in
Ukraine”  —  [Electronic  resource] URL:

https://doi.org/10.32838/2663-5941/2021.3/3.

M&MS 2024, 25-26 October, Kharkiv, Ukraine



ABTOHOMHUM poOOT Ha Raspberry P1 3 ananizom 00114

Ta €MOII1il B peaIbHOMY 4acl
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Anomauis: Y po0oTi IpeacTaBIeHO PilIeHHs IS CTBOPEHHS
pobora Ha 0a3i mmardpopmu Raspberry Pi, sxwit 3mateH
BU3HAYaTH €MOIIAHUI CTaH JIFOAUHH Ta BiJICTaHb J0 11 0OmHaust
B peaspHOMy 4daci. CucremMa BHKOPHUCTOBYE TEXHOJOTII
komrr'torepHoro 30py OpenCV 11st BUsIBIIGHHS 00IMY 1 MOJIYITb
DeepFace s amamizy emomiif. Takoxx ommcaHo Merox
o0unCIIeHHs BiZICTaHi JI0 JIFOJMHU Ha OCHOBI pO3Mipy 00IHTUs B
kazapi. PoOoT ajganrtye cBOI MOBEAIHKY Ha OCHOBI BHUSBICHHX
€MOILiH 1 BiZICTaHi 10 KOPUCTyBaya, 1[0 POOUTH HOro KOPUCHIM
y Ppi3HHX cdepax, TakuX SIK CcepBiCHI poOOTH, Oe3MiIOTHI
TPAHCIIOPTHI 3aCO0M Ta MEANYHI IOMIYHUKH.

Knwowuosi cnoea: Komm'torepuuit 3ip, Raspberry Pi,
BUSIBIICHHsT 00imd4, anamiz emouiif, OpenCV, DeepFace,
poboToTexHika, IIMOMHHE HaBYAHHS, IHTEpaKTHBHA B3a€MOJIIs,
BU3HAYEHHS BiICTaHI.

. BCcTvin

Po6oTOoTEXHIKA BHMAarac IOCTIHHOIO BIOCKOHAIEHHS
TEXHOJOrH Juis Olibll  epeKTUBHOT B3aeMomii 3
HABKOJIMIIHIM cepelnoBuiieM 1 moapMu. OpHiero 3
KJIIOYOBMX  TEXHOJOTIM Ui pO3Mi3HaBaHHSA  Ta
iHTeprperanii Aifl JIIOAMHU € KOMIT'IOTEpHHH  3ip.
Komm'totepHuii  3ip nmo3Boisie poOoTaM HE  TiJbKU
posmizHaBaTu O0'€kTH, anie i ineHTU(IKyBaTH JIOACH,
OLIHIOBATH IXHIM €MOLIWHMNA CTaH 1 BU3HAYATH BIJCTAHb
Juist 6esrnieynoi Hagiranii. Raspberry Pi — ne mocrtynHa i
MoTykHa raardopMa JUis MOOyIOBH TakMX CHCTEM. Y
Lill CTaTTi ONHMCAaHO IIPOIlEC CTBOPEHHs po0OTa Ha
Raspberry Pi 3 BukopucranHsm Python, 06i6mioTexku
OpenCV mns BusiBneHHst o0nmy 1 moxynst DeepFace s
aHaJi3y eMOLil.

I1. OIINC ITPOEKTY

Raspberry Pi 5 OyB oOpaHuii 17151 IIHOTO MIPOEKTY Yepe3
CBOIO IMPOIYKTHUBHICTH Ta OTYXHICcTh. [maTa 3abe3nedye
CyTTEBO  Kpamly MNPOAYKTHBHICTE  MOPIBHAHO 3
MIOTIepEeTHIMI  MOJICIISIMIL. Horo 64-6iTauii TIPOIIECOP
ARM Cortex-A76, mio npamtoe Ha yacroti 10 2,4 [T,
JO3BOJISIE  OOpOOISITH BimeO Ta TPOBOAWTH aHAII3
300pa)keHb B PEKUMIi pPEasIbHOTO Yacy, 0 KPUTHIHO IS
KOMII'FOTEPHOTO 30DY.

[licns  wamamrTyBaHHA  Kamepd, BoHa  Oyma
BUKOPHCTaHA s posmmizHaBaHHS 00'exTiB. OmmH 13
METOMIB, IO BHKOPUCTOBYIOTHCSA ISl  BUSIBICHHS
o0'exTiB, € KackamHi Kimacudikatopum Xaapa. Llei
mpocTuid Ta €(QEeKTUBHUI METOJl BHUSBIICHHS, 30KpeMa
o0nmuY,  mpamioe  IUIAXOM  TOMyKy  IPOCTHX
XapaKTEPUCTHK y 300paK€HHSX, IO J03BOJISIE IIBHUIKO
BUSIBIITH 00'€KTH B pealbHOMY Yaci.

Merton Xaapa 3acHOBaHMH Ha BHSBIECHHI IPOCTHX
XapaKTEPUCTHK Yy 300paXeHHSX, $Ki OMUCYIOTh, SIK

BUTIIANAE 00'€KT, IKUH MOTPiOHO BusiBUTH. Kiacudikarop
HABYCHUN Ha BCJMKIA KIJTBKOCTI TMO3UTHBHUX 1
HEeraTHBHUX 300pa)keHb, MIO TO3BOJISE HOMY BHBUHTH
cneurdiuHi 0coONIMBOCTI 00NMMYYS, TakKi sIK Gopma Oouel,
HOCa, poTa Ta IHIIMX YAaCTHH OONUYus. 300pakeHHS 3
KaMepud TMepeTBOPIOEThCA B  Cipuit  Macmrad s
crpolneHHs: 00pooku. KiacudikaTtop 3acTocoByeThCS 10
300pakeHHSI B KACKaJHOMY PEXHMi, /¢ BiH CIIOYaTKy
mepeBips€ BeNUKI 00yacTi  300pa)KeHHs, a MOTIM
MOCTYIIOBO 3MEHIIye 00JlacTh, (POKYyCYyHOUM YBary Ha
MeHIINX neTansx. lle a03Bojsie 3MEHIIMTH KiJIbKICTh
00YMCIIeHb 1 MIABUINATA IIBUAKICTL BHUABIICHHA. SIKIIO
KJIacudikaTop BUsIBISE 00'€KT, BiH MMO3HAYAE 1[I0 00JIaCTh
HPSAMOKYTHHKOM Ha 300pakKeHHI.

Ileit MeTom € IIBUAKAM 1 HE BHMAara€ 3HAYHHUX
004HMCITIOBAIBHUX PECYpPCiB, IO POOUTH WOTO i/1ealIbHUM
14 BUKOPUCTAHHSA Ha TMIPUCTPOAX 3 O6MC)KCHI/IMI/I
MOXJIMBOCTSAMH, TakuXx sik Raspberry Pi.

Juis peamizauii 1bOro MpoekTy OYJIO BHKOPHCTaHO
Python-kon, 1o moemrye (yHKIiT KOMITIOTEPHOTO 30Dy,
aHamizy o0iaumu 1 pyxy pobora. Ha mouarky
IMIOPTYIOTBCSL  HeoOXiaHi Oibmiorexn: OpenCV s
00poOku 300paxkenb 1 DeepFace s aHaiizy eMoILii.

Y kopni iHIIANMi3YEThCS 3aXOIUICHHS BiJICONIOTOKY 3
KaMepH, a TAK0XK 3aBAHTAXKY€EThCS TIONEPEIHBO HABUCHUH
kiacudpikatop obmuu 13 Oibmiotexku  OpenCV.
Knacudikatop 00114 BUKOPUCTOBYETHCS ISl BUSIBIICHHST
00JINY y BIICOIOTOLT.

Jis  TOYHOro BHM3HAYCHHS BIACTAHI 10  OOIMYYS
BUKODHCTOBYEThCS ~ BifioMa IMpHHA oOIMuusi (B
cepenHbOMy 16 cM) pa3oM i3 (OKYCHOI BiJICTAaHHIO
kamepu. Dynkuis calculate distance po3poOnena st
oOYrCNeHHs BiJICTaHI IO OONMMYYA HAa OCHOBI PO3MIpY
o0nuyYst B KaJpi, 0 I03BOJISIE TOYHO OIIHUTH BiJCTaHb
110 o0'exTa.

®opmya s OOUMCIICHHS BiICTaHI BUTIISAAE Tak 1:

known_width * focal length

width_in_image

distance =

ne, known width — Bimoma mmpuHa 00'ekTa;
focal_length — ¢dokycua Bincrans kamepw;

width_in_image — mmpuaa 06AMYYS, BHUSBJIECHOTO Ha
300pakeHHi.
Po6oT TmOCTIiHO OTpUMY€E BiACOMOTIK, BHSBISE

o0nMMuYst Ta  aHAN3y€e eMOIlii, BHKOPHCTOBYIOUH
kinacudikaTopy, MO0 amanTyBaTH CBOL [l 3aJIE)KHO Bij
EMOIIMHIX peakmii KOpUCTyBaJa.
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while video.isOpened():
ret, frame = video.read()
if not ret:
break
gray = cv2.cvtColor(frame,
cv2.COLOR_BGR2GRAY)
faces = face_cascade.detectMultiScale(gray,
scaleFactor=1.1, minNeighbors=5)
frame_center = frame.shape[1] // 2 # LlenTp kanpa
for (x, y, w, h) in faces:
# BimoOpakeHHS paMKH HABKOJIO 0044
image = cv2.rectangle(frame, (X, y), (X + w, y + h),
(89, 2, 236), 1)
try:
# AHauis emorriii 3a nforomororo DeepFace
analyze = DeepFace.analyze(frame,
actions=['emotion'])
if isinstance(analyze, list):
analyze = analyze[0]
dominant_emotion =
analyze.get(‘dominant_emotion', 'No emotion detected’)
cv2.putText(image, dominant_emotion, (X, y -
10), cv2.FONT_HERSHEY_SIMPLEX, 1, (224, 77,
176), 2)
# OriHka BigCcTaHi
distance = calculate_distance(FOCAL_LENGTH,
KNOWN_WIDTH, w)
cv2.putText(image, f'Distance: {distance:.2f}m",
(X, y + h+ 20), cv2.FONT_HERSHEY_SIMPLEX, 1, (0,
255, 0), 2)
# BusHaueHHs HaNpsAMKY PyXy
face_center=x+w//2
if distance < MIN_DISTANCE:
direction = "Stop"
elif face_center < frame_center - 30:
direction = "Move Left"
elif face_center > frame_center + 30:
direction = "Move Right"
else:
direction = "Move Forward"
cv2.putText(image, direction, (X, y + h + 50),
cv2.FONT_HERSHEY_SIMPLEX, 1, (0, 255, 0), 2)
except Exception as e:
print('No face detected or error:', e)
# BinoOpaxkeHHs Kalpy
cv2.imshow('video', frame)
if cv2.waitKey(1) == ord('q):
break
video.release()
cv2.destroyAllWindows()

VY upoMy UK poOOT aHaMi3ye KOKEH Kap, BU3HAYAE
oOnmyYs, aHajilye eMomii JIOOUHM Ta O0YHCITIoE
BizcTtaHnb 10 Hel. Ha OCHOBI IIMX MaHWX BWU3HAYAETHCS
HanpsMOK pyXy po0oTa, IO JO3BOJISIE YHHKATH 3aHAJITO
OMU3BKOTO KOHTaKTy a0o0, HaBIIAK{, HAIIPABIATH POOOTa
70 JIFOJTHH.
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I11. BUCHOBKH
PobGoToTexHiUHI CUCTEMU 3 IHTeTrparieo
KOMIO'TOTEPHOTO 30py Ta  TEXHOJIOTId  IITYYHOTO

iHTeNeKTy, Takux sk DeepFace, 3Ha4HO pO3LIMPIOIOTH
MOJUIMBOCTI B3a€EMOJII MiX poOOTaMHM Ta JIOJIBMU.
BusHaueHHS €MOIIHHOTO CTaHy JIIOJMHU JIO3BOJISIE
aJlanTyBaTH IMOBEIIHKY po0oTa BiJNOBIIHO 10 HACTPOIO
KOpHUCTyBaya, 10 MO)XX€ OyTH KOpPHUCHHUM Yy OaraTbox

chepax — BiI CepBICHHX poOOTIB 10 MEIUYHUX
acHCTEHTIB. Y JaHid craTTi OyJi0 TIpEACTaBJICHO
eekTUBHE Ta BIJHOCHO HEIOPOTe pIIICHHS JUIs

moOymoBu poGoTa Ha 0a3i Raspberry Pi, 3matHOrO
aHaAJ3yBaTH €MOIii Ta BiACTaHb JO OONMMYYS B
peanbHOMY Yaci.

Taki cucreMH MaloOTh BEIMKWH MOTEHIAN IS
MOJIAJIBIIIOTO BJIOCKOHAJIIEHHS Ta PO3BUTKY, BKIIIOYAIOYN
TOJIITIIEHHS ANTOPUTMIB BUSIBJICHHS 00'eKTiB,
ONTUMI3alil0 O0YMCIIeHb Al MOOUIbHUX mardopMm i
PO3IIMpPEHHS PYHKI[IOHATY B3aEMOIIT 3 KOPUCTYBAUEM.
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Anotation: The aim of this work is to develop locking device
control system that includes personalization function. Such
solution is especially relevant for managers who want to
conveniently control attendance of workspaces or restricted
areas. Owners of warehouses, archives, laboratories, or ordinary
offices often need information about who visits these premises
and when, but do not always have ability to obtain such data
promptly.

The proposed system not only provides this opportunity, but
also ensures convenient control through use of modern
technologies. This project has created system that, although it
has analogues on market, is easy to use and affordable. The
study focused on introduction of personalization technology and
replacement of traditional keys to open doors using radio
frequency identification (RFID), which is already widely used
in modern world.

Key words: Radio Frequency IDentification, door lock,
optimizing, information.

I. INTRODUCTION

In today's digital age, security and access control issues
are becoming increasingly important [1-5]. As humber of
users and their needs increase, modern electronic locks
are becoming increasingly complex, which poses new
challenges for developers of such systems, particularly in
context of ensuring reliability, security, and ease of use.

One of areas of development of electronic locks is
integration of intelligent tools, such as artificial
intelligence, machine learning, and natural language
processing, which are becoming prerequisite for
optimizing these systems. The use of such technologies
makes it possible to create automated access control
systems that significantly increase work efficiency,
minimizing impact of human factor and reducing risk of
errors.

Automation of lock management processes can
increase speed of response to user requests and reduce
time spent on their maintenance. Robotic solutions, in
turn, contribute to development of autonomous systems
capable of performing complex access control tasks in
real time. The integration of these technologies creates
new, more adaptive and flexible electronic lock systems
that not only perform task of opening or closing doors,
but are also able to anticipate user needs based on
analysis of their behavior and context of use.

It's also worth noting that automation itself is key trend
in modern technology that can significantly improve
management of electronic locks. The use of automated
solutions helps to reduce cost of operation and
maintenance, while increasing level of security and
system performance [6-10]. Automation makes it possible
to efficiently manage large networks of locks, coordinate
their operation, and provide instant access to system
status data, which makes lock management more
transparent and controlled.

Therefore, in face of increasing security and
automation requirements, relevance of analyzing existing
electronic lock systems becomes obvious. The integration
of intelligent tools, automation, and robotics opens up
new horizons for increasing reliability, speed, and
efficiency of electronic locks while providing maximum
user convenience.

I1. ANALYSIS OF PRINCIPLES OF
OPERATION OF ELECTRIC LOCKS

At its core, electric lock is executive element of access
control and management system (ACS), which is
designed to prevent unauthorized persons from entering
premises. In general, electric lock is almost no different
from regular one. Suffice it to say that electric locks can
also be mortise and padlocks, can be operated with push
or fixed handles, and can be opened with key. Most of
these devices have popular dimensions of conventional
mechanical locks — backsets, center spacing, and bar
sizes. The main difference is additional control method.

To operate electrical part, lock must be supplied with
power source, which is connected to control device on
other side. These devices can be various elements of
access control system that person interacts with to get
into room: magnetic card reader, biometric sensor, code-
entry keyboard, key fob, button, or even remote control
with smartphone. The lock opens or closes when electric
current is applied or turned off. This creates main
advantage and reason why such locks are used — they
allow you to open door remotely and without using
mechanical key. The principle of electric locks operation
in Fig. 1.

AT ——
53 Controller
3 o
Reader ﬁ [ Exit.bunon
Electrigc| fl@ Hlectri
Lock Lock
Power source

Outs‘x'dg// Inside

Fig. 1. Principle of electric locks operation

The main thing you need to know about operation of
electric locks depending on power supply or removal is
that they are divided into “normally closed”, “normally
open” and “universal”.

Normally closed means that lock is unlocked when
electrical signal is applied. In its absence, lock is closed.

Normally unlocked. When electrical signal is present,
lock remains closed, and when signal is stopped, it opens.
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Universal. Such devices havea switch that allows you
to independently set desired operating mode.

[11. INSTALLATION FEATURES OF
ELECTRIC LOCKS

When installing electronic locks, it is important not
only to choose reliable system, but also to perform
installation work correctly. The quality of installation
directly affects functionality and durability of lock, as
well as its security and ease of use. Failure to comply
with technological requirements during installation can
lead to system malfunctions, reduced security, or
premature equipment wear. In this section, we'll look at
key features of installing electric locks that will ensure
optimal operation of access control system and avoid
common mistakes.

To begin with, let's consider first option, Scheme 1 —
simplest electromechanical lock switching scheme, which
can be used to provide remote door opening (Fig. 2) [11-
13]. Among peculiarities, it should be noted that
sufficiently powerful power supply is required for stable
operation. Also note that long press on button (more than
3-5 seconds) will in most cases cause lock's retraction
relay to burn out.

Button to open lock

Electromechanical lock

<, F

Fig. 2. Connecting electromechanical lock using power supply
unit for remote door opening

Power source
+12V
General

Next, let's review Scheme 2 for electromechanical lock
in more correct version, using lock control unit (LCU)
(Fig. 3) [11-13]. This option allows you to use
conventional power supply, and also limits duration of
voltage supply to lock itself. In this case, lock control
unit is placed in lock body or in close proximity to it.
Among disadvantages of this installation is failure of
security lock, which is common due to their low cost and
quality of assembly, which, however, depends on
delivery batch.

Lock control unit

<)
Electromechanical lock
Power source |
+H12V «,
General L\ ol :)‘»

Button to open lock

Fig. 3. Connecting electromechanical lock using power
supply unit and remote control unit for remote door opening

The third option is Figure 3, and here you can see
“classic” (and already outdated) connection scheme for
video intercom and electromechanical lock (Fig. 4) [11-
13]. This type of connection was widely used before
appearance of lock control units (LCUs) on market, and it
has same design flaws as option shown in Scheme (Fig.
2) [11-13]. It should be noted that most modern intercom
systems control lock using call panel.

Intercom momtor

Video Call bar
Audio
‘B General
com | | Nno

Power source
12V
General

‘ Electromechanical lock

l“‘.} }

Fig. 4. Connecting electromechanical lock to intercom for
remote door opening using power supply unit

The fourth option — Scheme 4 reflects modern (and
most correct) option for connecting video intercom and
electromechanical lock (Fig. 5).

Intercom monitor

P Video
Audio
f General

Call bar

TOM

Electromechanical lock

| < f

Fig. 5. Connecting electromechanical lock to intercom for
remote opening of door using LCU

Lock control umt

Vi

The advantage of this scheme, in addition to those
described in explanation to scheme 2, is that there is no
need to lay additional cable from intercom to call panel —
to provide power to lock.

IV.OVERVIEW OF TYPES OF
ELECTRONIC LOCKS

In modern access control systems, electronic locks
play key role, offering wide range of solutions for
different needs. The choice of appropriate type of lock
depends on many factors, such as security requirements,
type of room, and features of use.

There are several main types of electronic locks, each
of which has its own advantages and scope of
application.

So, let's review most common types of electronic locks
to determine their functionality and capabilities, as well
as analyze which of them are most suitable for specific
operating conditions.

One of the most common types of electronic locks are
combination locks (Fig. 6) [14, 15]. They work on basis
of entering pre-set code. This is fairly easy-to-use option,
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as user doesn't need to carry physical key or other media
to access. For most part, these locks are used in buildings
where speed and ease of access are important, such as
apartment buildings or offices with large number of
users. However, combination locks also have their
drawbacks. For example, there is risk that attackers may
pick up code or otherwise obtain it, so it's important to
change codes regularly to provide additional protection.

Fig. 6. Code lock

Another type of electronic locks are systems that use
radio frequency identification (RFID) or magnetic cards
(Fig. 7). In this case, user attaches card or key fob to
special reader to open lock. This approach is very popular
in hotels, offices, and facilities with large number of
people. RFID-based locks are convenient because they
provide quick access and can be configured for specific
duration of card, for example, for guest access. However,
these systems also have their drawbacks, including risk of
losing or copying card, which can pose threat to security
of facility.

Fig. 7. RFID lock

One of most modern and secure options for electronic
locks is biometric systems (Fig. 8). They work based on
recognition of person's unique characteristics, such as
fingerprints, face, or iris. The main advantage of such
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locks is high security, since biometric data cannot be lost
or copied, as is case with cards or keys. In addition, such
systems are often used in conjunction with other access
methods, such as passwords or RFID cards, which
increases overall level of protection. However, biometric
locks are more expensive than traditional electronic
systems and may have limitations due to recognition
errors, such as skin damagor change in user's appearance.

Fig. 8. Biometrical lock

In recent years, smart locks (Fig. 9), which work
through mobile applications using Bluetooth or Wi-Fi
technologies, have become very popular. Such locks
allow user to remotely control access to room via
smartphone, which is especially convenient in cases
where it is necessary to grant access to another person or
track use of lock in real time. Smart locks integrate into
smart home systems, ensuring synchronization with other
devices such as surveillance cameras or alarm systems.
However, they also have their weaknesses, as they need
constant access to Internet or battery power to work
correctly, which can lead to temporary loss of access due
to technical failures or exhaustion. Additionally, these
systems can be targeted by hackers, making them
vulnerable to cyberattacks.

Fig. 9. Wi-fi lock

In addition to basic types of locks, there are combined
systems that combine several authentication methods,
such as entering code, attaching card, or using biometric
data. Such solutions allow for increased security, as users
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need to go through several layers of protection to gain
access to premises. These systems are most often used in
facilities with increased security requirements, such as
banks, government agencies, or large corporate offices.

In general, choice of electronic lock system depends on
specifics of object, security needs, and ease of use. Each
type of lock has its own advantages and disadvantages,
and final solution must consider balance between cost,
convenience, and level of protection required for
particular situation.

V. CONCLUSIONS

In this analysis, principles of operation and features of
installation of electric locks were considered, as well as
overview of different types of electronic locks was
provided. This comprehensive review serves several
important purposes. Firstly, it helps to understand basic
mechanisms and advantages of electric locks in access
control systems. Second, it highlights critical installation
considerations to ensure optimal functionality, safety, and
longevity of these systems. Finally, by researching
different types of electronic locks — from combination
and RFID locks to biometric and smart lock systems — we
have provided framework for selecting most suitable lock
based on specific security needs, usage scenarios, and
technological preferences. This research is critical to
making informed decisions in implementing efficient and
effective access control solutions in variety of
applications, from residential to commercial high-
security environments.

Additionally, this study emphasizes importance of
balancing security, convenience, and cost when
implementing electronic lock systems. We've discussed
how different types of locks can be integrated into
broader security ecosystems, such as video intercoms and
smart home networks, showcasing versatility and
adaptability of modern access control solutions. The
analysis of installation schemes and common pitfalls
serves as practical guide for professionals in field,
helping to avoid potential issues and ensure reliable
system performance.
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Abstract: The study highlights transformational impact of
intelligent technologies on functioning of IPS. The focus is on
integration of artificial intelligence, machine learning and
natural language processing, which are revolutionizing the
processes of understanding user queries and providing relevant
results. The paper analyzes benefits of implementing these
technologies, including improved search accuracy, personalized
user experience, and system adaptability. Particular attention is
paid to semantic search as advanced area of IRS development.
The study is not limited to theoretical aspects, but provides
specific examples of intelligent tools use in leading search
engines. A critical analysis of challenges and limitations of
these technologies provides balanced view of their potential.
Visual elements of work contribute to better understanding of
complex concepts. Overall, study emphasizes key role of
intelligent tools in improving IRS and their potential impact on
various sectors, from scientific research to everyday access to
information.

Key words: intelligent tools, artificial intelligence,
optimizing, information, information retrieval systems.

I. INTRODUCTION

In today's digital age, search for relevant and reliable
data has become integral part of everyday life.
Information retrieval systems (IRSs) play key role in
providing access to information that is crucial for
effective decision-making in scientific, commercial, and
social spheres [1-3]. However, growth in data volume
and complexity of search queries pose new challenges for
ISAs, in particular, ensuring accuracy and relevance of
search results. In this context, integration of intelligent
tools (IT), such as artificial intelligence, machine
learning, and natural language processing, is becoming
prerequisite for optimizing IRS. introduction of
intelligent tools into information retrieval systems is
closely related to development of automation and
robotics. Automation of information processing processes
can significantly increase speed and efficiency of search,
reducing human factor and minimizing likelihood of
errors. Robotics, for its part, contributes to development
of IRS by creating autonomous systems capable of
performing complex search tasks in real time [4, 5].
integration of these technologies contributes to formation
of new, more adaptive and flexible information retrieval
systems that can not only respond to user requests but
also anticipate their needs, offering most relevant results
based on behavioral and contextual analysis [6-10].

Thus, in context of constant growth of data and
complexity of search queries, relevance of this study
becomes obvious. integration of intelligent tools,
automation, and robotics opens up new horizons for
improving accuracy, speed, and efficiency of information
retrieval.

I1. ROLE OF INTELLIGENT TOOLS IN IRS

In today's information environment, where data
volumes are growing exponentially and user requests are
becoming increasingly complex, role of IRS is becoming
critical.  Intelligent technologies not only allow
processing huge amounts of data faster and with fewer
errors, but also adapt to changing conditions, improving
relevance and quality of search results. Table 1 below
provides detailed overview of how each of these tools
affects and contributes to functioning of IRS.

Table 1. Role of intelligent tools in information retrieval

systems
Intelligent tool Role in information retrieval
systems
Recognize patterns in  large

amounts of data.
Improving accuracy of search

Artificial intelligence |results through intelligent
(Al) algorithms.
\Adaptation to changing user
requests and context.
Analyze and classify large
lamounts of data to improve search
relevance.
Machine learning Recognize and predict user

(ML) preferences and interests.
Automatic improvement of search

algorithms based on feedback.

Interpreting and understanding
human queries in natural language.
Identify named entities such as
people, places, and organizations.
Generating clear and relevant
answers to user requests.

Reducing human intervention in
information processing and

Natural language
processing (NLP)

indexing.

I11. SEARCH OPTIMIZATION USING
INTELLIGENT TOOLS

Modern information and search engines use wide range
of intelligent tools to provide efficient and relevant
searches.

Intelligent algorithms for ranking search results are one
of key elements of search engine optimization. They
allow search engines to provide more accurate and
relevant results, ensuring high level of user satisfaction.
These algorithms are based on machine learning and deep
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learning, which allow systems to analyze and process
huge amounts of data.

Machine learning is used to analyze huge amount of
data generated during search sessions. ML algorithms are
able to learn from historical data, identifying patterns
between user queries and selected results. The ML concept
is shown in Fig. 1.

Data collection and preparation

v

Model training

v

Model evaluation and
adjustments

Fig. 1. Machine learning concept

The Data collection and preparation stage collects data
on previous user requests, selected results, time spent on
page, behavioral factors, etc. This data is used to create
training sets on which algorithm will be trained.

At «Model Trainingy» stage, using prepared data,
machine learning model is trained by identifying
relationships between query and result that users most
often choose. The most popular models are those based
on decision trees, random forests, and gradient boosting
methods.

After initial training, model is tested on new data. If
accuracy of predictions is unsatisfactory, model's
hyperparameters are adjusted or another model is
selected.

Deep learning and neural networks are subset of
machine learning that uses multi-layer neural networks to
process data. These networks are able to recognize
complex patterns in data and use them to improve
ranking of search results. Deep neural networks consist of
numerous layers, each of which is responsible for
extracting certain features from user queries.

Examples of ML application in information search
engines:

- Google's RankBrain ML algorithms are used to rank
search results, analyzing many factors (content relevance,
link quality, user behavioral signals) to determine most
relevant results for particular query. For example, if user
searches for «apple», system can determine whether
search is for fruit or technology company based on user's
previous queries and context;

- automatic error correction and query suggestion —
ML models analyze large number of correctly spelled
queries to identify and correct common spelling mistakes;

- personalization of search results — ML algorithms
analyze user's search history, for example, Amazon
system, here, if user has repeatedly searched for books
from certain genre, system will recommend similar books
based on previous searches and purchasing activity;

- image recognition and classification — ML models,
such as convolutional neural networks, are used to
analyze and classify images in search engines. This
allows users to search for visual content by description or
similarity, not just by textual labels.
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The concept of deep learning and neural networks in
Fig. 2:

1. Understanding context of query. Deep neural
networks, such as transformers (e.g., BERT, GPT), allow
search engines to better understand context of user
queries, including complex or ambiguous queries. This
enables system to answer queries more accurately by
recognizing user's true intentions.

Understanding context of query

v

Ranking of results

v

Personalization

Fig. 2. Concept of deep learning and neural networks

2. Search engines use deep learning models to analyze
and rank large number of documents or pages based on
their relevance to specific query. These models take into
account many factors, such as textual content, context,
page popularity, and behavior of other users.

3. Neural networks allow you to adapt search results
based on individual preferences and past user behavior.
This provides more relevant results for particular person,
which increases overall quality of search engine.

Examples of deep neural networks application:

- Google Search uses models such as BERT to improve
understanding of natural language and query context;

- Bing uses neural networks to improve accuracy of
search result rankings, especially in complex cases;

- Amazon uses deep learning to improve its «product»
search by providing accurate recommendations.

The concept of natural language processing in
information retrieval systems aims to improve interaction
between users and systems by facilitating understanding
and processing of textual queries and answers provided
and is summarized in Fig. 3:

Understanding context of query

v

Content analysis and indexing

v

Ranking of results

v

Natural language processing in
advanced search engines

v
Understanding user intent (Intent)
Fig. 3. Concept of NLP

1. Query understanding becomes more efficient thanks
to NLP, which allows systems to better interpret natural
language queries, taking into account context, synonyms,
morphological features, and grammatical structures. This
significantly improves accuracy of search results, even if
guery is ambiguous or contains errors.
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2. Content analysis and indexing in IRS is also
enhanced by NLP, which allows for efficient analysis and
categorization of large amounts of textual information,
creating more relevant indexes. This includes keyword
discovery, thematic analysis, and entity recognition, such
as names, dates, places, etc.

3. Ranking of results becomes more accurate through
use of NLP, which analyzes semantics of query and
documents. This allows IRS to take into account not only
keywords, but also more complex concepts such as
similarity between query and content, tone, etc.

4. Natural language processing in advanced search
queries also benefits from use of NLP, which allows you
to correctly interpret complex queries that may contain
logical operators, phrase queries, or queries in languages
with different grammatical structures, and find relevant
results.

5. Understanding user intent is made easier with NLP,
which helps system determine exactly what user wants to
find, even if their query is imprecisely worded or has
several possible meanings. This enables IRS to provide
more accurate answers or offer clarifying queries.

Example of NLP application in information search
engines — Google Search uses NLP to improve search
results. For example, when user enters query «best places
to visit in Ukraine in winter», system uses NLP to
understand intent of query and context. Even if specific
web pages don't contain exact words «besty», «place» or
«in winter», Google can show pages that contain useful
information about winter tourist destinations in Ukraine
by semantic analysis and understanding context of query.
This allows user to get more relevant and accurate
results.

IV. INTELLIGENT TOOLS FOR
SEMANTIC SEARCH

Semantic search is one of most innovative technologies
in field of IRS, which radically changes approach to
processing and interpreting search queries. Unlike
traditional methods that rely on simple keyword
matching, semantic search uses IT to gain deeper
understanding of user's context and intentions.

Semantic search is based on principles of NLP and
machine learning, which allow Il to

- understand meaning of words in context because IT
analyzes not only individual words but also their
interrelationship in sentence or phrase;

- interpret user intentions because system ftries to
understand what exactly user wants to find, even if query
is ambiguously worded,;

- take into account semantic relationships between
concepts, as IT can find information that is semantically
related to query, even if it does not contain exact
keywords.

Challenges and limitations of semantic search in Fig.
4,a,b.

Challenges of semantic search:

1. Challenges of semantic search include proper
understanding of queries context. Words can have
different meanings depending on situation in which they
are used, and semantic search must effectively take these
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nuances into account, which is not always easy,
especially when words are polysemous.

2. Language barriers also create difficulties. Even if
system supports multiple languages, different language
structures and cultural characteristics can cause errors in
understanding queries or interpreting results.

Understanding Limitations
context of data for
training

Challenges of
semantic search

N\

High
Confident / v \ computin
iality and Language g
ethics barriers resources
a)
Difficulty in Impossibility to

take into account
all contexts

interpretation

Limitations of

N

/

semantic
search
A/ \ The
Incomplete \ 4 impact of
understanding Outdated model
of human data bias
language
b)

Fig. 4. Concept of deep learning and neural networks: a)
challenges of semantic search; b) limitations of semantic search

3. Limiting training data is another challenge, as
semantic models require large amount of data to train.
The quality of this data is crucial, and if it is incomplete
or biased, it can lead to incorrect search results.

4. Another limitation is need for high computing
resources. Using NLP for semantic search requires
significant resources, especially when it comes to real-
time processing, which can be problem for large systems
with high query frequency.

5. Privacy and ethical issues are also important
challenge. To improve search, systems often collect and
analyze data about users, which raises concerns about
how this data is protected and used.

Limitations of semantic search:

1. Difficulty in interpreting ambiguous queries because
queries that have several possible interpretations can be
difficult for semantic search engines. For example, query
«family movies» can mean both searching for family
movies and searching for movies about families.

2. Inability to take into account all contexts because
even most advanced semantic search engines cannot
always take into account all possible query contexts,
especially if user does not provide enough information or
query is formulated too generally.
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3. Semantic search often relies on indexed data. If this
data is outdated or not updated in real time, it can lead to
less accurate or irrelevant results.

4. Semantic models can be biased due to nature of data
they are trained on. This can lead to irrelevant or unfair
search results, especially for socially sensitive topics.

5. Despite progress in NLP, computer systems still
cannot fully understand human language at level similar
to that of humans. This limits effectiveness of semantic
search in some cases.

Semantic search in context of intelligent tools for
optimizing information retrieval systems is important
because this approach significantly improves accuracy of
results. Semantic search allows IRS to understand
meaning of query at deeper level, taking into account
context, user intent, and relationship between concepts.
This not only increases relevance of results, but also
provides more intuitive and efficient user experience,
which is key for modern IRSs focused on providing
quality and personalized information. Thus, semantic
search is critical tool in evolution of IRS, contributing to
their optimization and meeting needs of users.

V. CONCLUSIONS

Intelligent ranking algorithms based on machine and
deep learning techniques are significantly improving
functioning of IRS, making them better able to
understand user queries and intentions. With introduction
of these technologies, IRSs can provide more relevant,
accurate, and useful search results. Important aspect of
this process is use of neural networks and natural
language processing models, which allow systems to
efficiently process complex queries, take into account
context, and personalize responses. This ensures more
intuitive user experience and allows IRS to adapt to their
ever-changing needs. Thus, introduction of intelligent
tools not only optimizes search engines, but also
improves overall quality of information provision,
making it more accessible and useful to users in modern
information environment.

This summary outlines key findings, implications,
challenges, and overall conclusion regarding use of
intelligent tools for optimizing information retrieval

systems.  The research  highlights  significant
improvements these tools bring to search accuracy,
efficiency, and user experience, while also

acknowledgingthe challenges and limitations that need to
be addressed.

The integration of Al, ML, and NLP into IRS
represents major advancement in how we interact with
and retrieve information from vast data repositories.
These technologies enable more intuitive, context-aware,
and personalized search experiences, which is crucial in
our increasingly data-driven world.

The development and implementation of these
intelligent tools will continue to be key area of focus for
improving information retrieval systems, with potential
far-reaching impacts on various sectors including
research, business, and everyday information access for
users worldwide. The work discusses different types of
intelligent tools (Al, ML, NLP) and their specific roles in
optimizing IRS. It provides concrete examples of how
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these technologies are applied in real search engines such
as Google, Bing, and Amazon.

Considerable attention is paid to semantic search as
advanced technology in field of IRS.

The article not only describes advantages of these
technologies, but also critically analyzes challenges and
limitations faced by developers and users.
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Anotation: The study covers key principles of building aerial
robots, including those related to construction, aerodynamics,
navigation and data acquisition systems. The focus is on
integration of modern technologies, such as sensors, GPS
modules, and specialized software, which ensure efficient task
performance in challenging environments. The paper analyzes
benefits of implementing intelligent control systems, including
algorithms for automatic route planning, flight correction, and
obstacle detection. Particular attention is paid to the
aerodynamic design of the body and choice of materials that
ensure lightness, durability, and resistance to external factors
such as wind, rain, and high temperatures. The study offers
practical examples of implementation of design principles on
example of modern agricultural aerial robots used for
monitoring and data collection. A critical analysis of design and
operational challenges provides deep understanding of potential
of these technologies. Visual elements of work contribute to
better understanding of complex technical solutions.

Key words: aerial work, design, aerodynamics, navigation,
sensors, data collection.

I. INTRODUCTION

In today's world, aerial robots (drones) have become
indispensable tools for performing wide range of tasks,
from environmental monitoring to data collection for
agriculture. The fundamental principles of their
construction determine their effectiveness and reliability
in executing tasks, particularly in complex and often
unpredictable conditions. Developing aerial robots
requires comprehensive approach that includes both
engineering solutions and the integration of advanced
technologies [1-7].

The design of aerial robot is crucial for ensuring its
stability and maneuverability. Key aspects include
selection of materials for chassis, which must provide
necessary strength and lightness, as well as aerodynamic
shape, which affects flight efficiency. Navigation and
control systems, including sensors and management
algorithms, play a vital role in ensuring accuracy and
autonomy. The integration of advanced technologies,
such as GPS modules, LIDAR, and various sensors,
ensures high precision in data collection and adaptability
to changing conditions.

This work explores fundamental principles of aerial

robot construction, including their design, material
selection, aerodynamic characteristics, and modern
navigation and data collection systems. Practical

examples of these principles in contemporary models
used for various tasks, such as agronomic monitoring and
mapping, are examined. This research provides better
understanding of how technical and technological aspects
impact the effectiveness and reliability of aerial robots, as
well as the challenges faced by developers in this rapidly
evolving field.

Automation is an ever-present topic in development of
aerial robots, as it provides increased task efficiency and

adaptability to changing conditions. Thanks to automated
control and data collection systems, drones can perform
complex tasks with minimal human intervention, making
them indispensable in many areas of activity [8, 9].

Il. THE ROLE OF BASIC COMPONENTS
AND TECHNOLOGIES IN CONSTRUCTION
OF AERIAL ROBOTS

In modern design of aerial robots, role of various
components and technologies is critical to ensure
efficiency, reliability, and functionality of devices.
Different design elements and technological solutions not
only determine technical characteristics of robots, but
also affect their ability to perform complex tasks in real
world. The table below provides detailed overview of key
components and technologies that play important role in
design and operation of aerial robots.

Table 1. The role of main components and technologies
in construction of aerial works

Component/ Role in construction of aerial robots
Technology

Ensuring strong and lightweight design
for optimized aerodynamics.

Use of modern materials to reduce
weight and increase durability.

Body and frame

Flight control and stabilization using
GPS and inertial measurement units
(IMU).

Management Intelligent algorithms for autonomous|
systems control and navigation.

Impact on maneuverability and flight
Engines and efficiency. Selection of engine and
propellers propeller types.

Aerodynamic characteristics for optimal
lifting power.

Energy systems [Selection of power sources to ensure

long flight time.

Optimize energy efficiency and reduce
battery weight.

Sensors and
cameras

Expanding data  collection and
environmental monitoring capabilities.
Integration of sensors to collect
information and improve autonomyj

functions.
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I1l. THE PROCESS OF DESIGNING AERIAL
ROBOTS USING MODERN
TECHNOLOGIES

The design process for aerial robots is complex and
multi-stage, involving numerous steps and technologies
to maximize efficiency and reliability. Modern
technologies, such as computer-aided design, simulation,
data-driven  optimization, and intelligent systems
integration, play critical role in each stage of design
process. The concept of design process is shown in Fig.
1.

Defining requirements and goals

v

Conceptual design

A 4
Development and modeling

Fig. 1. Design process concept

At «Define Requirements and Objectives» stage, main
functions to be performed by aerial robot (e.g.,
surveillance, data collection, monitoring) are established.

The target characteristics can be presented in form of
defining technical parameters, such as maximum flight
altitude, duration of operation, maximum payload.
Assessment of operating conditions should be made,
namely:

1. Environment analysis. Evaluation of environment in
which robot will be used (e.g., urban environments,
agricultural lands).

2. Protection requirements Determination of protection
requirements against weather, dust, and other factors.

The «Conceptual Design» phase should consider
development of concepts, ideas, technologies and
materials. Decisions need to be made to determine type
of structure (quadcopter, hexacopter, flying drone)
according to objectives, and basic aerodynamic
characteristics need to be developed to optimize lift and
stability. Responsible consideration should be given to
selection of lightweight and strong materials, such as
carbon fiber or composites, to increase strength and
reduce weight, and to consider opportunities to integrate
latest technologies, such as brushless motors and high-
performance sensors.

3. The final stage of design process is called
development and modeling, during which CAD system is
used to create 3D models, i.e. to develop detailed models
of structure using computer simulation for accurate
planning of all elements, analysis and verification
(checking model for compliance with technical
requirements and operating conditions). After these steps
have been completed, we move on to design
optimization.

The process of design optimization based on testing
Fig. 2.
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Integration and testing of
components

v

Optimization and adjustment

v

Implementation

Fig. 2. Design optimization process based on testing

1. Integration and testing of components. The choice
of sensors for navigation, such as GPS, barometers, or
LiDAR, helps robot better understand its location and
environment, just as transformers help systems recognize
context of query. Video surveillance cameras can be
selected with high resolution and night vision capabilities
to ensure accurate data collection, and installing motors,
sensors, and cameras according to designed model
ensures that robot will have all necessary functions and
capabilities. This includes correct placement of
components to ensure optimal stability and flight
efficiency. Testing involves ground and flight tests to
verify operation of control systems, integration of
components and their interaction, and to identify any
problems before conducting flight tests. Flight tests, in
turn, evaluate flight efficiency, stability, and accuracy of
robot's control in air. This helps to identify and correct
any problems that may arise in real-world use.

2. Optimization and control is broken down into
several steps, such as: collecting data on robot's
performance, including flight time, sensor performance,
and stability, is critical for further analysis and adjusting
system design performance assessment based on
information  obtained. If necessary, design and
component changes are made based on results of analysis
and testing to improve overall performance and reliability
of aerial robot. Machine learning models can help adapt
the system to different flight conditions and improve
overall performance of robot.

3. The implementation stage also includes several
points, namely:

- final testing. Conformance checks and final tests to
confirm that robot meets all technical requirements and
can operate in real-world environments. Final testing
includes checking all systems and components and
ensuring that quality standards are met before going into
mass production;

- preparation for production. Includes setting up
production processes, ensuring required quality standards
and preparing production facilities.

- implementation. Launching aerial robot in real-world
conditions to test its functionality and reliability in actual
use, supervising the robot's operation and ensuring its
efficient operation, identifying and eliminating any
problems that may arise during use;

- user training. Conducting training for operators and
technicians on use of aerial robot, its setup and
maintenance, providing support to users to resolve any
issues or problems that may arise during operation.

This approach provides clear picture of designing and
implementing aerial robots process, with emphasis on

M&MS 2024, 25-26 October, Kharkiv, Ukraine



importance of each stage and its role in ensuring robot's
efficiency and reliability.

V. TECHNOLOGY AND INNOVATION

In today's world, where technology is evolving at
incredible pace, innovations in development and use of
aerial robots are becoming critical to improving their
efficiency and functionality. Continuous progress in
aerospace technology, computing, and materials science
opens up new opportunities for improving aerial robots,
which significantly expands their capabilities and reduces
limitations they face.

This section is dedicated to analyzing advanced
technologies and innovations that affect design,
manufacture, and operation of aerial robots. We will
review latest advances in areas such as sensor
technology, control systems, data processing algorithms,
materials and structures, as well as latest approaches to
automation and artificial intelligence. Special attention
will be paid to how these innovations contribute to
accuracy, reliability, and efficiency of aerial robots, as
well as benefits they provide in practical applications
such as environmental monitoring, agronomic research,
and more.

The purpose of this section is to present current
technologies underlying development of new models of
aerial robots and to assess their impact on future trends
and opportunities in this dynamic and promising industry.
The presentation of latest technologies and innovations
can be seen in Table 2.

Table 2. Technologies and innovations in aerial robot
development

34

Section Subject Description
1. Technologies | Sensor Modern sensor
and innovations | technologi | technologies used to
es ensure accurate
navigation,
environmental
monitoring, and task
completion.
The High- Innovative  cameras
development of | resolution | provide detailed
sensory systems | cameras images and video,
including thermal
imagers and variable
focus cameras.
LiDAR and its | Laser LiDAR systems
application systems create 3D maps of
for terrain using laser
distance pulses. The latest
detection technologies  ensure
high accuracy and
speed of data
collection.
Integration  of | Processing | Integration of data
sensor data data from | from cameras,
different LIiDAR, and other
Sensors sensors to  obtain
comprehensive
information.

Continued Table 2
2 Control and | Developm | Control systems
automation ent of | include powerful
systems manageme | processors and
nt systems | specialized software
for data processing
and robot control.
Autonomous Autonomo | Innovative Al
systems us route | algorithms allow
planning robots to  make
and decisions and
obstacle perform tasks without
avoidance | human intervention.
Extended use of | Intelligent | Al algorithms are
Al algorithms | used  for  object
for object | recognition, route
recognition | planning, and flight
control.
Programmable Speciali Programmable
systems zed systems allow you to
platforms | customize robot's
for operating parameters
software and use specialized
develop programming
ment languages.
3. Materials and | Newest Using composites and
structures materials nanomaterials to
create lightweight
and durable
structures.
3D printing and | 3D 3D printing allows
its application printing you to  quickly
technolo produce parts and
gies  for | components, reducing
manufactur | costs and providing
ing parts flexibility in design.
Aerodynamic Modeling | Use of simulations to
structures of optimize wing and
aerodyne body shapes to ensure
mic flight efficiency.

characteris
tics

Innovations  in | Increased Developing new
power  supply | battery types of batteries and
systems capacity power sources, such
and as solid-state batteries
charging and supercapacitors,
speed to improve energy
efficiency.
4. Automation | Process Reduce need for
and data | automation | manual intervention
processing by automating flight
planning and data
collection.
Big data | Storage Using cloud
processing [10] | and platforms and
analysis of | specialized programs
data from | to process and store
various large amounts of
sources data.
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Continued Table 2
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Real processing | Real-time | Powerful computing
time and speed | data systems for
processing | processing sensor
information and real-
time navigation
control.
Real processing | Real-time | Powerful computing
time and speed | data systems for
processing | processing sensor
information and real-
time navigation
control.
Real processing | Real-time | Powerful computing
time and speed | data systems for
processing | processing sensor
information and real-
time navigation
control.
Intelligent Machine | Use of intelligent
algorithms learning | algorithms to
and deep | improve data
learning | processing and
automate processes.
5 Latest | Integration | Connecting aerial
approaches and | withloT | robots  with  the
trends Internet of Things
(1oT) for distributed
monitoring and
control.
Use of Data Blockchain to ensure
blockchain security | security and
technologies and protection of data
transparen | collected by aerial
cy robots from fraud and
unauthorized access.
Development of Hybrid Development of new
new form | systems | form factors for aerial
factors and new | robots, including
designs hybrid systems and
compact designs.
Improving The impact | Innovations and latest
energy of technologies
efficiency technology | contribute to
on expansion of their
developmen| capabilities and areas
t of application.

Together, these technologies and innovations open up
new opportunities for development of aerial robots,
making them more functional, reliable and efficient in
various applications. The development of these areas
ensures continuous improvement of the quality of robots
and expansion of their capabilities.

V. CONCLUSIONS

The development of aerial robots has undergone
significant advances due to introduction of advanced
technologies and innovations. Modern sensor systems,
such as high-resolution cameras and LiDAR, have
significantly increased accuracy of data collection and
detail of information about environment. This allows us

to create accurate 3D maps of area and provides reliable
navigation and real-time monitoring.  Important
component is development of control systems, where
intelligent algorithms and autonomous systems provide
high level of automation. Independent route planning and
automated control reduce need for manual intervention
and increase flight efficiency.

Materials and designs of aerial robots have also
undergone significant improvements. The latest
composites and 3D printing technologies contribute to
lightweight and durable structures that optimize
performance and stability during flight. Innovations in
data processing and process automation enable rapid
analysis and adaptation to changing conditions, and use
of machine learning allows for continuous improvement
of algorithms and robot performance based on data
obtained.

Recent trends include integration with Internet of
Things (loT) and use of blockchain technologies to
improve data security, which opens up new opportunities
for expanding robot functionality. The development of
new form factors and improvements in energy efficiency
through new batteries and energy recovery systems also
contribute to durability and reliability of aerial robots.

Thus, modern technologies and innovations not only
improve functionality and efficiency of aerial robots, but
also ensure that they can adapt to new challenges and
requirements in various applications. The development of
these technologies ensures that aerial robots will continue
to improve and be introduced into new practical areas in
future.
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Anotation: In world where technology is changing at speed
of light, GSM remains unchanging foundation of mobile
communications. The study dives into heart of system,
revealing its “anatomy and physiology”. Each component of
GSM, from Mobile Station to Operation Support System, is
studied in detail, showing how coordinated work of all parts
allows billions of people to communicate over distance. This
work not only reveals mechanisms of GSM, but also looks
boldly into future. It outlines problems that this technology
faces in whirlwind of modern innovation and proposes solutions
for its adaptation. The study lifts veil on challenges facing GSM
in world of 5G and loT and inspires us to find ways to
harmoniously coexist past and future in telecommunications.
This review is compass for those who want to understand how
to keep legacy systems relevant in world that is constantly
moving forward. The paper suggests that we think about how
we can modernize time-tested technology without losing its
reliability and versatility.

Key words: GSM, network architecture,
limitations, challenges, modernization.

I. INTRODUCTION

The Global System for Mobile Communications
(GSM) remains one of most widely used cellular
technologies in world [1-4]. Despite rapid development
of newer standards, such as 4G and 5G, GSM networks
continue to play critical role in providing basic
communications, especially in regions where introduction
of newer technologies is not yet complete. At same time,
automation, robotization, and digitalization are rapidly
evolving [5-14]. This development naturally affects
evolution of GSM technologies, improving network
management, increasing its efficiency and reliability.
These innovations allow for more accurate monitoring
and maintenance of network, as well as reducing human
factor in operation process.

The relevance of GSM network structure critical
review is driven by several factors:

- GSM still covers significant portion of world's
population, especially in developing countries;

- time-tested GSM architecture provides stable
communication in variety of environments;

- understanding GSM structure is important for
development of hybrid systems that combine GSM with
newer standards;

- GSM remains cost-effective solution for many
operators and users;

- GSM continues to play important role in Internet of
Things  development  and machine-to-machine
communication.

The purpose of this paper is to conduct detailed
analysis of key components of GSM network, and to do
S0, we need to:

- assess how GSM structure meets
requirements of telecommunications industry;

advantages,

current

- consider problems of GSM compatibility with latest
technologies.

I1. GENERAL ARCHITECTURE OF
GSM NETWORK

GSM is one of the most widely used standards for
mobile communications, which provides voice and data
transmission in mobile networks [1-4]. The GSM
architecture consists of several main components and is
based on clearly defined principles of operation that
ensure its efficiency and reliability. Therefore, this paper
discusses main components (Table 1) and principles of
operation.

Table 1. Main components of GSM

GSM components Composition

Mobile Station | It is end device that subscribers
(MS) use to make calls and transfer data.
The MS includes cell phone or
other mobile device, as well as
SIM card that stores subscriber
information and provides access to
network.

Base  Station
Subsystem
(BSS)

This is component responsible for
direct connection to mobile
devices. The BSS includes Base
Transceiver Stations (BTS), which
provide radio communication, and
Base Station Controllers (BSC),
which manage radio channel
resources and transmit information
between BTS and networks.

Network
Switching
Subsystem
(NSS)

For routing calls and data in GSM
network. It includes Mobile
Switching Center (MSC), which
processes calls, messages, and
manages mobile stations. The NSS
also contains Home Location
Register (HLR) and Visitor
Location Register (VLR) that store
information about subscribers and
their locations.

Operation It is support system that is
Support responsible ~ for  monitoring,
System (OSS) managing, and maintaining entire
network. OSS provides resource
management, error handling, and
technical support to ensure smooth
operation of network.

The diagram of main components of GSM network is
shown in Figure 1.
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Fig. 1. Diagram of main components of GSM network

The principles of operation are as follows:

1. Resource allocation. GSM uses frequency division
multiplexing technology to distribute radio frequencies
among several subscribers. Each channel is time division
multiple access (TDMA), which allows multiple
subscribers to use same frequency without interference.

2. Network segmentation. GSM architecture distributes
control and data transmission functions among different
network components. This ensures modularity and
scalability of system, which makes it easy to integrate
new components and functions.

3. Authentication and security. GSM implements
mechanisms for subscriber authentication and data
encryption to protect against unauthorized access and
ensure confidentiality.

4. Roaming. GSM network supports roaming, which
allows subscribers to use their mobile devices in other
GSM networks around world without having to change
their SIM card.

Critical review of structural aspects of GSM network
provides comprehensive analysis of this fundamental
mobile communications technology. It provides in-depth
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understanding of GSM architecture and operating
principles, identifying both its strengths and limitations in
context of today's requirements.

1. CRITICAL REVIEW OF GSM NETWORK
STRUCTURAL ASPECTS

Despite its long existence and advanced architecture,
GSM has both advantages and limitations that affect its
efficiency and ability to adapt to modern requirements.

The advantages of GSM architecture are shown in
Table 2.

Table 2. Advantages of GSM

Advantages Description
Reliability and[The system was designed to provide
stability high level of availability and

uninterrupted communication, making
it highly resistant to failures and
technical problems.

\Wide coverage andGSM has huge coverage around
accessibility world, providing access to mobile
communications even in remote and
rural areas. This is made possible by
extensive network of base stations and
roaming support.

ofiGSM architecture distributes control

andand data transmission functions
among different components (MS,
BSS, NSS), which ensures scalability|
and flexibility of system. Thig
facilitates  integration of  new|
components and technologies.

Distribution
functions
modularity

Support
roaming

forlGSM ensures uninterrupted operation
of subscribers in different networks
thanks to roaming support. This
allows users to use their mobile
devices outside their home network|
without having to change their SIM
card.

Authentication andThe system implements mechanismsg|
security for subscriber authentication and data
encryption, which ensures high level
of security and protection against

unauthorized access.

Although GSM architecture has numerous advantages
that ensure reliable and stable mobile communications, it
is not flawless. The system has certain limitations that
can affect its efficiency and ability to meet modern user
requirements. The following section will discuss main
limitations of GSM architecture to help understand which
aspects need to be improved and enhanced.

One of the main limitations of GSM is limited data
transfer speed, which does not meet requirements of
modern users who need high-speed Internet and large
amounts of data. GSM provides only basic data
transmission speeds, which limits ability to use modern
applications and services.

As example, GSM provides low data rates (up to 9,6
kbps for standard channel), making it difficult or even
impossible to watch high quality video without delays
and buffering. This limits possibilities for video
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streaming services such as YouTube or Netflix, which
require faster internet connection.

Another limitation is inability to adapt to latest standards.
While GSM is effective in providing basic mobile
communications, it has limited ability to integrate with new
technologies such as 4G and 5G. This creates difficulties in
transitioning to new standards and implementing modern
features.

Other limitations include fact that GSM networks tend
to consume more energy than latest communication
technologies, which can lead to high energy costs and
affect environmental friendliness of system.

The GSM architecture may have compatibility issues
with new technical solutions and devices using other
communication standards. This can create additional
costs for modernization and integration.

The cost of supporting and maintaining GSM network
can be significant, especially when it comes to upgrading
equipment and integrating with new technologies.

Therefore, an analysis of advantages and limitations of
GSM architecture allows us to understand which aspects
of this technology remain strong and which challenges
need to be addressed in context of mobile
communications rapid development.

IV. PROBLEMS OF COMPATIBILITY
WITH LATEST TECHNOLOGIES

The GSM architecture, despite its widespread adoption
and reliability, faces compatibility issues with latest
mobile technologies. The development of new standards,
such as 3G, 4G (LTE) and 5G, creates challenges for
integration and adaptation of GSM in modern networks

(Fig. 2).
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Fig. 2. Diagram of existing problems of GSM compatibility
with latest technologies

1. GSM was developed in era when need for mobile
communications was lower. Newer standards such as 3G,
4G and 5G offer significantly higher data rates and new
functionalities such as support for high-speed Internet
and modern mobile applications. Integrating GSM with
these new technologies requires sophisticated solutions to
ensure interoperability between different standards.

To address GSM compatibility with new standards
such as 3G, 4G and 5G, comprehensive approach is

needed, including  modernization of  existing
infrastructure, integration of new components and
protocols, and software interoperability. This may

involve installing specialized gateways and controllers

that allow different standards to interoperate, upgrading
base stations and network elements to support new
frequency bands and data rates, and implementing new
technologies such as network virtualization and software-
defined networking (SDN) to facilitate integration and
management of multi-standard environments.

Comparative analysis with other technologies.
Detailed comparison of GSM with 3G, 4G and 5G in
Table 3.

Table 3. Comparison of GSM with 3G, 4G and 5G

Charact | GSM 3G 4G 5G
eristics (2G)
Data Up to Upto42 |Uptol Up to
transfer | 384 Mbps Gbps 20
rate Kbps Ghps
Delay 300- 100-500 | 20-30 ms <1lms
1000 ms
ms
Frequen | 900/18 | 850/900/ | 700/1700/2 | 600
cy range | 00 1900/210 | 500 MHz MHz —
MHz 0 MHz 71 GHz
Basic TDMA | CDMA OFDMA OFDM
techno / A/
logy FDMA MIMO
Channel | 200 5 MHz 20 MHz Upto
width kHz 100
MHz
Main Voice Internet, | High- 10T,
applica commun| video speed AR/VR,
tion ication, | calls internet autono
SMS mous
vehicles
Network | Low Medium | High Ultra-
capacity high
Energy Low Medium | High Ultra-
efficiency high
Security | Basic Improved | Advanced | Reinfor
ced
loT Limited | Basic Extended Full-
support scale

A comparative analysis of GSM, 3G, 4G and 5G
technologies  illustrates  evolution  of  mobile
communications, reflecting significant advances in data
rates, latency reduction and functionality. From basic
voice communications in GSM to support for
sophisticated applications like loT and AR/VR in 5G,
each generation has significantly expanded capabilities of
mobile networks. Technological advances in data
transmission methods, expanded frequency bands, and
increased energy efficiency have been accompanied by
enhanced security measures and increased network
capacity. This comparison not only illustrates current
state of mobile technologies, but also helps to understand
GSM compatibility issues with modern requirements,
substantiates need for network modernization and allows
forecasting future trends in telecommunications
development.

2. GSM provides slow data rates compared to newer
technologies such as 4G and 5G. This can lead to
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problems when trying to integrate GSM with networks
that support high-speed Internet.

To address slow data rates of GSM when integrating
with 4G and 5G networks, hybrid solutions such as
upgrading equipment to 4G/5G standards, using gateways
for interoperability, and implementing channel
aggregation technologies to increase speeds are needed.

3. The latest mobile devices designed to work with 4G
and 5G may have compatibility issues with GSM
networks, especially if these devices use new
technologies that are not supported by older networks.

To solve problem of latest devices compatibility with
GSM, it is necessary to provide backward compatibility
through adapters or modems that support older standards,
or to integrate multi-standard modules that can work with
different technologies.

4. Increasing demands on data transfer speeds and volumes
can increase energy costs, which can be problematic for older
networks that were not designed to meet modern
requirements.

To address problem of increasing energy costs, energy-
efficient technologies should be implemented, equipment
should be modernized to reduce energy consumption, and
network infrastructure should be optimized to reduce
load.

V. CONCLUSIONS

Therefore, paper is devoted to GSM network structure
critical review in context of current technological
challenges. This study presents main components of
GSM: Mobile Station, Base Station Subsystem, Network
Switching Subsystem, Operation Support System. The
principles of GSM functioning are described, including
resource allocation, network segmentation, authentication
and security, roaming. The advantages of using GSM are
determined. The limitations of GSM application are
identified. The problems of compatibility with latest
technologies are analyzed. Some solutions to overcome
compatibility problems are proposed. The presented work
helps to understand current state of GSM technology and
identifies challenges faced by GSM in modern
telecommunications environment. Thus, this review
outlines directions for further development and
adaptation of GSM to new technologies. A comparative
analysis of GSM, 3G, 4G and 5G technologies has been
carried out. Such analysis is important for telecom
operators, technology developers, providing basis for
making decisions on infrastructure development,
investments and research directions in the field of mobile
communications. Overall, paper provides comprehensive
analysis of GSM technology, highlighting its strengths
and limitations in context of modern telecommunications
needs. This study is important for understanding ways to
modernize and integrate GSM with latest mobile
technologies.
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Abstract: The article deals with the development and
implementation of a quality system for brushless DC
motors. A stand for testing, monitoring and evaluation of
motor parameters is described, as well as the software
architecture for the quality system. The results of the
research will help improve the quality and reliability of
modern electrical systems
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. INTRODUCTION

Modern technology development and increasing needs
for highly efficient electrical systems are driving the
popularity of brushless DC motors (BDCM). These
motors are widely used in various industries, including
automotive, aviation, robotics, as well as household
appliances and medical equipment. They are
characterized by high energy efficiency, durability and
reliability, which makes them indispensable in conditions
of increased requirements for quality and productivity [1,
2].

Along with the growing demand for brushless DC
motors, there is a need to ensure their high quality and
compliance with international standards. The quality of
the products directly affects the safety, efficiency and
durability of the equipment in which these motors are
used. That is why the issue of development and
implementation of quality systems for brushless motor s
is becoming extremely urgent.

The purpose of this work is to create a comprehensive
approach to the development of a quality system for the
BDCM, which will ensure their high reliability,
efficiency and safety in operation. Achieving this goal
involves measuring vibrations and the number of
revolutions of motors with high accuracy, as well as
providing access to this data both in real time and in the
form of analytical information. This approach will
improve the quality and reliability of brushless motors,
which is an important step in the development of modern
electrical systems.

I1. GENERAL APPROACH TO ASSESSING THE
QUALITY OF BRUSHLESS DC MOTORS

A comprehensive approach is used to assess the quality
of brushless DC motors, which includes several stages
and methods. First, there is an incoming inspection of
materials and components, the quality of the materials
from which the motors are made is checked, as well as
the quality control of components such as magnets,
windings and bearings.

At the production stage, automated systems are used to
check motor parameters, tests are carried out for

compliance with technical characteristics. Functional
testing includes checking the operation of the motor in
different load modes, testing for resistance to overloads
and overheating.

The analysis of motor parameters is carried out using
parameter identification methods, such as the method of
least squares, differential evolution, the particle swarm
method, and others. The efficiency and reliability of the
motor is evaluated based on the obtained parameters.

Monitoring and diagnostics include the implementation
of monitoring systems for constant monitoring of the
condition of motors during operation, the use of machine
learning methods to detect malfunctions and predict their
occurrence. Data analysis and optimization involves the
collection and analysis of data about the operation of
motors to identify possible problems and ways to
eliminate them, optimizing the design and control
algorithms to improve efficiency and reliability.

This approach ensures high quality and reliability of
brushless DC motors at all stages of their life cycle.

I11. STAND FOR QUALITY SYSTEM OF BRUSHLESS
DC MOTORS

The practical implementation of the proposed approach
was carried out through the development of the stand of
the BDCM quality system.

The working model of the stand includes a voltage
stabilizer; electrical connector; lamp with thermistor,
electronics unit; capacitor; 32-bit controller; stand with
mounting for motors and sensors (MPU 6050); power
elements. In the assembled state, the stand model has the
following appearance (Fig. 1).

Fig.1. Working model of the brushless DC motors quality
assessment stand

IVV. TESTING AND INSPECTION

In the field of testing, engineers use a general approach
that includes a combination of unit, integration, and
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system tests. The goal of this approach is to make sure
that each component and the entire system is working
properly. Types of testing used in the developed stand are
listed in Table 1. All tests must meet the specified
tolerances.

Table 1. TYPES OF TESTS USED IN THE DEVELOPED STAND

Type of tests Test tasks

— check the basic functions of
individual components, such as input,
output,  analog-to-digital  signal
(ADC) conversion accuracy, and
communication protocols (e.g., 12C,

Module tests

Wi-Fi);
— set clear acceptance criteria for each
test.
Integration  tests | — check the connection between the
for the microcontroller and each sensor;

microcontroller — make sure that the data collection,
processing and display on the LCD

display are working correctly.

System level tests | — check the entire functionality of the
system in various environmental
conditions (temperature, light level);
— check network connection and

remote access to the system.

Individual testing | — reference devices are used to check

of sensors the accuracy of temperature,
humidity, pressure and illumination
measurements;

— check the response time and stability
of the sensors.

Program testing — check the presence of bugs and the

stability of the backlight;

— functional testing includes checking
the formatting and clarity of the

display of text, numbers and symbols

Power supply | —
measurement

make sure that the power source
provides the necessary voltage and
current levels without pulsations and
noises;

— determine battery life (if applicable).

V. SOFTWARE ARCHITECTURE

The software architecture for the brushless motor quality
control system includes several key components:

1. Wi-Fi access point and web server

The Wi-Fi access point is configured using the WiFi.h
library. It creates a wireless network with the SSID

“MotorTestNetwork™ and the password “password123”.

The web server is implemented using the
ESPAsyncWebServer library. It handles HTTP requests
and provides a web interface to the user.

2. Web interface

The web interface is represented by the main page and
test pages.

The home page, accessible from the root URL (“/”),
contains a welcome message.

Test pages include:

— the motor test page (“/test_motor”) with buttons to start
and stop the test, calibrate the ESC and accelerometer,
and reset data;

— servo test page (“/test servo”) with corresponding
buttons;
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— the balancing page (‘“/balance”) with buttons for
starting and stopping the balancing test;

— the reboot page (‘“/reboot”), which reboots the
controller.
3. Processing of HTTP requests
The web server handles requests to the following
URLs:

— /start_motor: start of motor testing;

— [stop_motor: stop motor testing;

— [calibrate_esc: ESC calibration;

— [calibrate_accel: accelerometer calibration;

— [reset_data: reset test data;

— And other relevant URLS.

4. Control of motors and servo drives

PWM control is used to control the speed of the motor.
ESC and accelerometer calibration are performed
accordingly.

5. FreeRTOS tasks
— motorControlTask: task for motor control.

— readMPUG6050DataTask: task for reading accelerometer
data and vibration analysis.
— servoTestTask: task for testing the servo.

6. Initialization

The system initializes Wi-Fi access point, web server,
12C for MPU6050 and PWM for ESC control.

7. The main cycle of the program

The main loop() loop is not used, since all processing
and control logic is distributed among FreeRTOS tasks.

This architecture provides efficient brushless motor
and servo control by providing a user-friendly web
interface to interact with the system.

The program interface has the form presented in Fig. 2.
The developed application offers 3 interaction options:
"Motor test", "Servo test" and "Balance".

When starting, the motor spins up. The stand at each
level of revolutions tests motor vibrations, all this is
summed up and the total figure is displayed on the
program display. The number itself reflects the force of
motor vibration. Indicators 265-300 belong to good
motors suitable for drones, they have practically no
vibrations. The approximate error of repeated
calculations is 5-10%. It is also worth noting that the
indicators of the sensors of the frameworks, which makes
it a universal tool for the development of various
platforms.

The brushless DC motor quality system test stand is a
key tool aimed at testing, monitoring and evaluating
motor parameters under conditions that are as close as
possible to real-world operating conditions. This test
stand performs several important tasks:

- control and monitoring: the stand collects data on the
operation of the BPS, including rotational speed,
temperature, voltage, current and torque; this allows
parameters to be monitored and deviations to be detected
in real time;

- testing and analysis: the test stand conducts various tests
aimed at assessing the reliability, efficiency and safety of
the BPU; this is important to ensure high product quality
and compliance with standards;

- calibration and tuning: the test stand helps to adjust the
parameters of the control system of the BPS; this includes
optimizing the operation of the motors and ensuring their
optimal performance.
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Fig. 2. The interface of the developed application for the quality
assessment system of the brushless DC motors

Selecting the right components and integrating the test
stand is critical to obtaining accurate and reliable results.
This becomes the basis for further improvement of the
technology to produce brushless DC motors, which in
turn contributes to the quality and reliability of the
products.

The test stand for the quality system of brushless
motors has the following advantages:

— accuracy and reliability of measurements: the test
stand provides high-precision data collection from
various sensors, which allows obtaining reliable
information about the parameters of motor operation;

— automation of processes: the use of microcontrollers
and single-board computers [3] allows to automate
the processes of data collection and processing,
reducing the likelihood of a “human factor”;

— scalability and flexibility: the test stand can be
adapted to different types of brushless motors and
customized for different tests;

— documentation and visualization: automatic data
collection and storage allows for the creation of
detailed reports and graphs, simplifying the analysis
of test results.

The disadvantages include the following:

— high cost: creating and maintaining a test stand
requires  significant financial investments in
equipment, sensors, and software;

— complexity of setup: setup and integration of all
components of the test stand requires highly qualified
engineers and specialists;

— limited portability: the test stand is stationary and
takes up a lot of space, which can be a problem for
small production facilities;

— dependence on electronics and software: the
reliability of the test stand depends on the stable
operation of electronic components and software;
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— time for testing: full-fledged tests can take a
considerable amount of time, which affects the overall
duration of the quality control process.

Given these factors, the test stand is an important tool

for ensuring high product quality, but its use requires a

careful approach and consideration of all aspects.

V1. CONCLUSIONS

This paper investigated the issues related to the design,
development, and implementation of a quality system for
a database on DBPS. The study covered various technical
aspects, system components, and implementation
strategies,

Visual Studio was chosen to develop the graphical user
interface. Arduino IDE was used to create the software of
the DBPS quality system. To implement the user
software, we chose the C++ language and the .NET
platform. C++ programming language was also used to
implement the software of the DBPS quality system
itself.

This practical work has provided information on the
design, development and implementation of the DBPS
quality system. Future directions for the system
development include expanding the functionality, adding
new sensors, increasing the size of the stand to adapt to
large-scale production, improving automation, and
improving the quality of individual components. It is also
possible to expand the capabilities of the user interface,
including the use of neural networks for data analysis,
displaying data in charts, and automated process control
through robots.
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Abstract: The study aims to develop a system for
monitoring and alerting safety in a coal mine based on
the Internet of Things, with indicators displayed on the
screen for observation.
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. INTRODUCTION

Mining is one of the oldest and most demanding
professions in the world. Mining is critical in energy
supply, construction, metal production, and other
industries. It is also one of the most dangerous
professions in the world due to cave-ins caused by
methane, coal dust, or moisture explosions.

Mines are typically situated in intricate geological
formations. These conditions can result in instability,
rockfalls, and subsidence, all of which pose risks to
miners' safety. Coal seams often contain methane (CHa)
and other gases. The accumulation of these gases within
the mine can lead to explosive situations if not properly
managed. Fine coal dust is a common hazard in mines.
Prolonged exposure to this dust can cause respiratory
diseases, affecting miners' health. Machinery breakdowns
are a significant concern. When mining equipment
malfunctions, it disrupts operations and puts workers at
risk. Miners face challenges related to fatigue, stress, and
communication gaps. These factors contribute to
accidents and incidents within the mining environment.

Most of the critical factors that lead to accidents in a
mine can be controlled, and workers can be warned about
the situation, increasing the number of miners who will
not be injured. Therefore, a coal mine safety monitoring
and warning system was developed. Mining safety
systems are crucial in mitigating these challenges and
ensuring miners' well-being [1].

I1. GENERAL ANALYSIS

A mine is an enterprise that is focused on the extraction
of minerals by underground mining. It consists of surface
facilities and underground mining workings.

A coal mine has the following structure:

- the shaft, which is the beginning of the underground
workings and is the descent and ascent of personnel, or
the place for lifting coal to the surface;

- a drift, an area where rails are laid to transport coal
from the mining site to the shaft;

- Longwall is a place where coal is mined.

One of the main hazards in a mine is the constant
content of methane, which is released during the
destruction of the coal seam. For this reason, a set of
measures is constantly being taken to prevent gas
explosions, and the frequency of such measures depends
on the category of the mine. A mine is assigned a

category based on its methane content. Table 1 shows the
classification of mines by methane level.

Table 1 - Classification of mines by methane level

Category of methane Relative methane

mines abundance of the mine, m3ft,
type of gas emission
I Up to 5, normal

I From 5 to 10, average gas
emission

11 10 to 15, average gas emission

15 and more; mines hazardous

Supracategorical for fugitive emissions

Mines that mine seams
hazardous for sudden release of
coal and gas; mines with rock

Sudden release
hazardous

In addition to methane, one of the indicators that affect
workers' performance, their physical condition, and
accident prevention is temperature. It depends on the
depth of the drift or longwall and fire hazards. The
temperature in the mine is unevenly distributed; the
closer to the surface, the colder it is, and the temperature
is further reduced by ventilation. The physical condition
is also affected by humidity, which should be in the mine
range of (80-90) %.

A large amount of electrical equipment is used in the
mine, and the main voltage levels are

- low voltage: 380V, 220V, 127V;

- high-voltage 6.10 kV;

- for lighting and low-voltage mechanisms: 36 V.

The main factors that can lead to the failure of mine
equipment are untimely inspection and repair, humidity,
and dust. Closing all gaps in the housing with rubber
seals achieves moisture resistance and dust protection.
They are coated with a protective varnish or sealant to
protect the boards.

One of the most essential conditions to be considered
when choosing equipment for a mine is its intrinsic
safety. It is achieved in several ways:

- creating conditions for the device to operate at low
power and voltage levels;

- selection of materials with a low potential for ignition;

- providing insulation and protection against dust and
moisture;

- Strict adherence to the instructions for installation and
maintenance of the equipment.

Any electrical equipment used in a mine is subject to
specific technical requirements. These include:

- safety requirements: intrinsic safety, fire, and moisture
resistance, dust protection, long service life

- maintainability;
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- operational requirements.

I11. SELECTION OF ELEMENT BASE AND
CREATION OF THE SYSTEM

For a monitoring and alerting system, it is essential to
notify miners and rescuers of abnormal readings by
activating a siren and notify the operator of changes in
the readings. One of the communication systems can be
used to inform the operator. Communication systems
used in the mine are divided into telephone systems,
radio communication, and local communication. Each of
the communication systems has advantages and
disadvantages, which are shown in Table 2. Therefore,
based on the results of the table, radio communication
was chosen because of its rapid implementation, signal

penetration, and mobility.

Table 2 - Advantages and disadvantages of types of
communication in the mine

Type of
communication

Advantages

Disadvantages

Provento be a
good and reliable

communication

does not require
the use of wires to
transmit
information

Telephone way to Dependent on
system communicate wires
underground and
above-ground
an provide more Limited to the
comprehensive range of the
. coverage, as it transmitter or
Radio

receiver, with a
range extender,
the transmission
radius increases

Everyone can
hear, which can

- e Limited to a
Local save miners' lives -
N . specific area of
communication in case of a Use
dangerous
situation.

For systems that are used for information wireless
communication, including the developed monitoring and
alerting system, repeaters are essential. Repeaters are
designed to amplify and retransmit radio signals between
remote transmitters. All repeaters are divided into passive
and active. Active repeaters work on the principle of
signal enhancement: the signal received at the receiver is
amplified and transmitted through the transmitter to the
following points. Passive repeaters do not have a built-in
amplifier, so they work by transmitting signals without
changing their power or quality.

One of the main issues for a wireless system is the
choice of operating frequency. Experiments were
conducted 3on the signal range in the mine, where such
frequencies as 455 and 915 MHz and 2.45 and 5.8 GHz
were investigated, and it was concluded that high
frequencies work better in both polarizations [2]. Similar
tests were also conducted in the post-Soviet space. They
used frequencies of 1.8 and 1.9 GHz and concluded they
are effective when the capital workings are extensive
more than 10 meters.
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The signal transmission range limits radio
communication, so repeaters are used to increase the
range. After analyzing the research results, the distance
between the repeater and the signal source or receiver
depends on the obstacles encountered on the way.
Therefore, for the experimental conditions where 2.4 and
5.8 GHz frequencies were studied, the repeater should be
located at 350-390 m for the experiment with 1.8 and 1.9
GHz frequencies - 700 m. Still, the signal transmission
range of this frequency directly depends on the number of
obstacles in the form of metal structures of the mine,
equipment, and various cables.

Considering the technical and climatic conditions that
the mining equipment must meet, the following
components were selected for the monitoring and
warning system

- sensors: temperature and humidity, smoke gas;

- Arduino microcontroller;

- data transmission modules: NRF24L01 radio
module at 2.4GHz, Wi-Fi module on ESP8266.

According to the mine zones, the system consists of
three main modules: a data collection module, a repeater,
and a “Base” module. We also created printed circuit
boards for each of the modules. The boards contain
circuits for power supply and battery charging, a
communication module, a microcontroller, and sensors
for the data collection module.

As current events demonstrate, an additional source is
essential for any vital equipment. The miners' lives are a
priority, so the designed system must have its emergency
power source when the main power supply is lost.
Therefore, a rechargeable battery with a capacity of 59
Ah has been developed, consisting of Li-lon 18650
batteries with an excellent price-performance ratio.

Each device must be protected from external
influences, so the system modules have a housing. Its
shape depends on the boards' size and the elements'
height. Given the size of the battery and the peculiarity of
any battery wearing out over time, the battery is made as
a separate unit attached to the main board housing. The
case must also be reliable in the mine environment, so
ABS plastic was chosen as the best material for
manufacturing. The material is heat-resistant and non-
toxic under normal conditions, durable, moisture, and
acid-resistant under selected operating conditions. The
connection between the battery and central board units is
made through wires. The wires between the board and the
battery are connected using explosion-proof switches.

A website with measured indicators now called the
Operator's Screen, was developed to display information
from the mine. Figure 1 shows the page of the Operator's
Screen, which displays all the indicators measured in the
mine.
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Fig. 1 Operator screen

I\V/. DESCRIPTION OF THE OPERATION AND
TESTING OF THE SECURITY MONITORING AND
NOTIFICATION SYSTEM

The system operates as follows: the data acquisition
modules located in the production (longwall),
transportation (adit), and surface (shaft) zones collect the
leading indicators (methane, smoke, humidity, and
temperature) and then send them via radio to another data
acquisition module or repeater, where the data is
forwarded further. If the data exceeds the average values
for a given zone, a signal is sent to the siren, which
activates it.

The indicator collection module works as follows:

- data is received from another module or repeater;

- the received data is sent;

- collecting readings from the sensor;

- data recording and address assignment;

- sending the collected data.

The range extender has no sensors, but it works in
active mode.

The “Base” module works as follows:

- data reception and recording in the database;

- sending the received data to the server;

The data is received from the remote modules and
sent to the nearest ones.

The server works as follows:

- data is received;

- indicators are recorded in the appropriate blocks;

- sending data to the Operator's Screen website.

Figure 2 shows the system operation results.

Fig. 2. The result of the loT-based safety
monitoring and alert system in a coal mine

V. CONCLUSIONS

The loT-based monitoring and alert system in a
coal mine was developed, considering intrinsic safety and
dust and moisture protection, and the system was
developed using reliable and more accurate components.
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Intrinsic safety is ensured by using low-
consumption components and explosion-proof switches.
Protection against dust and moisture is ensured by using
rubber gaskets between the housing and the lid and in the
gaps between the sensors and the housing lid. The
developed system was created using reliable and more
accurate sensors. The modules' housing is designed for
use in a mine environment; the plastic of the housing is
durable, non-toxic to humans, moisture resistant, heat
resistant, and resistant to oils.

All modules are developed using Arduino boards;
during production, it is planned to use only the ATmega
328 microcontroller without additional strapping of
electronic components.

Communication between the modules is provided
by radio communication at a frequency of 2.4 GHz using
an omnidirectional antenna.

The system is designed to be powered by a 36 V
supply voltage for lighting in the mine. To ensure the
autonomous operation of the module, a rechargeable
battery, which is a detachable unit, has been developed.

The housing of the modules is designed with the
board design and components located on it in mind.

For additional personnel protection, the device can
make decisions on its own; in case of abnormal values, a
siren is activated.

All indicators are displayed on the operator's
screen. For this purpose, the markup and styles of the
website have been created, and to change the data on the
website, an ajx query to the database table is used.

The demonstrated system is not final; in the future,
the monitoring and notification system can be developed
and supplemented by adding a system for locating
personnel in the mine based on tags, adding other sensors
to expand the number of collected indicators,
supplementing the operator's screen with information, for
example, a history that stores the received indicators for a
long time; using water-repellent and conformal coatings
to protect the electronic part of the system from moisture;
revising the shape of the case and simplifying it.
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Anomauyia: B naHoMy Marepiayi HaBEJICHO OIIAJ MIOAO
KOPUCTYBaHHS paiO4aCcTOTHHM CIIEKTpOM B YKpaini Ta
kpainax €C.

Kniouoei cnosa: CEPT, pagioamarop, cmyru wactor,
aMaToOpPChKi palioCcTaHIIil.

. BCcTvin

[MutanHs fepkaBHOI TMOJITUKM Ta HOPMATHBHI
NUTaHHS y cdepi MOmMTH Ta E€IeKTPO3B'SI3KY, 30KpeMa
BUKOPHCTaHHSl PaJliO4aCTOTHOI'O CHEKTPY, y Mekax
€Bporn  posrisimae  €Bporieiicbkka  KOH(eEpeHIis
anminicTpariiii 38°s3ky (anra. The European Conference
of Postal and Telecommunications Administrations,
CEPT). Ha cvoromni wienamu CEPT e 48 kpain, 30kpema
VYkpaiHa.

Il. BUKOPUCTAHHS PAJIIOAMATOPAMMU
PAJIIOYACTOTHOTI'O CITEKTPY B YKPATHI

Hust BuzHaHHi MiK kpaiHamu-wieHamu CEPT (ta
KpaiHamu, siki npuegHaiucs no pekomenpaiiit CEPT)
PEKOMEHTYEThCS BHUKOPUCTOBYBATH TpH BUIH
panioamaTropchkux JiitieH3iit: 6azoBoro piHs (NOVICE),
nouatkiBis (ARNEC) ta nosny (HAREC).

Jiist KoXKHOT 3 nepepaxOBaHMX JIIEH3IH BH3HAYCHUI
MIHIMaJIbHUI piBeHb KBadiikaiii pagioamaTopiB i
X1 0 PO3MOJIITY JUIsl HUX CMYT YacTOT, BUJIB pOOOTH
Ta MPUILYCTHMHX IOTYKHOCTEH.

AjnMiHicTpanii 3BSI3Ky KpaiH-y4acHHIb Ha IiCTaBi
pexomenyaniii CEPT Bu3Ha4alOTh BIAMOBIAHICTE MK
CBOTMH HAIlIOHAJBHUMHU PalioaMaTOPChKUMH JLIEH3ISIMU
(xBasi(hiKaifHUMHU KaTeropisiMu) i TphOMa KaTeropisiMu
minensiit CEPT, nepepaxoBanumu Bullle.

B Vkpaimi, 3  ypaxyBaHHAM  BIIIIOBiTHUX
pexomernmaniii  CEPT, 3actocoByeThcst — HacTyIHa
knacudikailis KaTeropii  onepaTopiB  aMaTOPCHKHX
pamiocrantiit (APC):

1. A (Buma kamikaiisi pajgioamaropa) — BIANOBiIae
moBHii minensii CEPT. [lns ii omepkanHs moTpiOHO
3J1aTH TEOPETUYHHUN €K3aMEH 3a MpPOrpaMoOr0 IOBHOI
minensii CEPT (T/R 61-02);

2. B (pamioamaTop-Tio4aTKiBeIlb) — BiIOBIa€ JIIEH3ii
CEPT wnoBauka. [lma ii omepkaHHs mTOTpiOHO 37MaTH
TEOpEeTHYHNHA ek3aMeH 3a mporpamoto iner3ii CEPT
HoBauka (ERC32);

3. C (pamioamartop-y4eHs) [2].

Jo3BoieHi cmyru pamiodacToT B [iama3oHi Bim 100
MI't mo 24 TTo npu MakCHManbHOMY DIBHI BUXiTHOI
moTy’)xHOCTI 5 BT Ta BHaM 3B'S3Ky IepenaBadiB
amaropcbkux pamiocranuiii (APC) ycix kareropii B
VYxpaiHi nmpeacrasneni Ha pucyHkax 1 — 3.

F

| — 4 | |3

T e — —_—
Puc. 1. JlozBoneni cmyru paxioyactot (MI'n) mis
MEPBUHHOI KaTeropii aMaTopchKoi Ta aMaTopPChKOT
CYITyTHHKOBOI cITy»O0u B YKpaiHi Ta BUJH 3B’ 3Ky
nepenaBayiB amatopcbkux pagiocranuiid (APC) B

VYkpaini

Puc. 2. JlozBoneni cmyru pamioyactot (MI'n) s
MEPBUHHOT KaTEeropii aMaTOPChKOi Ta aMaTOPChKOT
CYITyTHHKOBOI CITy»0u B YKpaiHi (BUKOPUCTOBYEThCS
CHIJIBHO 3 IHIIMMHU paiocayk0aMu) Ta BUIHU 3B’ I3KY
nepeiaBayiB amatopcbkux pamiocranuii (APC) B

Ykpaini
" 5670
5 (:5|3 5,830 I 1-:1.19(|:| i z-*..ooT

™ EM ™M
(s} (s)* (n}
ow ow ow
(8) {a)* (L]
558 558 558
18) is]* in)

SAT (s)
EME (g)

5,660 " 5850 " 10150 24,050

* — 33 ymosk DBOB'AIKOBOTO NOTOAKEHHR 3 T wrabom 3Gpoki
Puc. 3. Tlo3BoneHi cmyru pamiodactoT (I'T'm) ms
nepBUHHOI (1) Ta BTOPHHHOI (B) KaTeropii aMaTopchKoi
Ta aMaTOPCHKOI CYITyTHUKOBOI CITy>KOH B YKpaiHi Ta
BHM 3B’S3KY IIepeaBadiB aMaTOPCHKHUX paioOCTaHIIii

(APC) B YkpaiHi

Cun Yrpaiiw

PozmmdpoBani Buam 3B’ sA3Ky HaBeeHI B TaOmmi 1.
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Tabmung 1. Bumn 3B'13Ky nepeaBadiB aMaTOPCHKUX

paxiocranuiii (APC) [2]

[lo3Hauenns

HpI/ISHa‘leHHﬂ Ta OCHOBHI XAPAKTCPUCTHUKHU

CwW

Tenerpadis — mepemaBaHHS  TEKCTOBHX
MOBIJOMJICHb i3  BHUKOPUCTaHHSIM KOy
Mop3ze. Al — ammiitygHa tenerpadis; F2 —
TOHaNIbHA Teyierpadis 13 3aCTOCYBaHHAM
yacToTHOI MaHimyismii. HeoOxinHa mmpunHa
cMyTHu BUIpoMiHIoBaHHs He Oinpare 100 I'iy

SSB
AM
FM

Tenedonis  —  mepemaBaHHS  MOBHHUX
MTOB1IOMJICHb B @HAJIOTOBOMY BHTJISII.

J3E - omHa Giuna cmyra (SSB) 3 mojaBneHorO
YaCTOTOIO-HOCIEM Ta HEOOXITHOIO IIHUPHHOIO
CMYT'Hl BUITPOMIHIOBaHHS He Oinbine 2,7 kI
F3E - w4acrorna wonymimis (FM) 3
HEeOOX1HOIO MIPHHOIO CMyTH
BHITPOMiHIOBaHHA He Oumpme 6,0 k['11 Ha
gactorax Hmwkue 30 MI ta 20 k[ ma
yacrorax Buie 30 MI'n; A3E — nBocmyrosa
TeneoHisT 3 BUKOPHCTAHHSIM YaCTOTH-HOCIS
(AM) 3 HeoOXiITHOIO IIMPUHOI CMYTH
BHIPOMiHIOBaHH He Oinbmie 6,0 kI’

SSTV

INepenaBanHs 300paxkeHb — TeEpenaBaHHIL
BizeoiH(popMmarii.

J2F — 3 HeoOXifHOI IIMPUHOI CMYTH
BUIIPOMiHIOBaHHs He Oinbie 2,7 kIt

DIGI
MGM

INepenaua curnaniB 3 nUGpPOBUMHU METOAAMHU
monymsimii (RTTY, PSK31, PSK63, MT63,
Hell Tomo).

F1B — Ge3nocepenHst 4acTOTHAa MaHIMyJIsLis
HOCIHHOT 4aCTOTH rnepeaasavya 3
BUKOPHCTAHHSAM JIBOX YacTOT;

F2B — monymsauis FM mnepenaBaua nBoma
3BYKOBHMHM TOHAMH,;

J2B - monymauis SSB mnepenaBaua aBoma
3BykoBumH ToHamu (RTTY);

FID - nepemaua  JaHUX  [UBIXOM
Oe3nocepeiHbOI  YAaCTOTHOI — MaHiIMmyJIsLil
HOCIHHOT 3  BHKODHCTAaHHSAM  JAEKUIBKOX
4acToT, 110 4epryIoThCs;
F2D - mepemaua NaHuX HUIIXOM MOJYJISLIT
FM nepenaBaua [eKijbkoMa 3BYKOBUMH
TOHAMH, 1110 YEPryIOThCS;

IepenaBanns curHamiB 3  UUPPOBUMHU
meromamu  Mmoxaymsinii  (RTTY, PSK31,
PSK63, MT63, Hell Ta inmmi).

F1B - Ge3nocepeHsi 4acTOTHA MaHIiITYJISLis
4aCTOTH-HOCIA Iepe/iaBaya 3 BUKOPUCTAHHAM
JIBOX YacTOT;

F2B - moaymamis FM nepenasaua nBoma
3BYKOBMMH TOHAMH,;

J2B - monymauis SSB mepenaBaua aBoma
3BykoBuUMH ToHaMu (RTTY);

F1ID - nmepemaBaHHA JaHUX  IUIAXOM
0e3nocepeIHbOi  YaCTOTHOI  MaHIIMyJsLil
YaCTOTH- HOCISl 3 BUKOPHUCTAHHSIM JEKUIBKOX
YacTOT, 1110 YePryFOThCS;

F2D - nmepenaBaHHs JaHUX  [UIIXOM
monymsaii FM  mepenaBaua  nekimbkoma
3BYKOBHMH TOHAMH, 1110 YEePIryFOThCS;

J2D - nepemaBaHHS =~ [JaHUX  IUIIXOM
monymsii  SSB  mepenmaBaua  nmekibkoma
3BYKOBHMH TOHAMH, 1110 YEPIYIOThCS
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IIponoxkerHs Tabmmi |

MikHapo#HHIT TPOEKT paaioaMaTopChKUX
«MAsIKiBY.
Al — ammitynHa Tenerpagis 3 HeoOXigHOIO

IBP MIMPUHOIO cMyTH BunpoMiHoBaHus 100 I'ig

3B'130K 3  BHKOPHCTAaHHSAM  IITYYHHX
CYIYTHHKIB 3eMIIi.

HlineHicTH NIOTOKY BHIIPOMiHIOBaHHS
kocmiunHnxX craHoii ACC Oinst  moBepxHi
3emuti He TIOBMHHA TIepeBHITyBaTH MiHyc 110

SAT nbBT/kB. M

V3aranpHeHe HaliMEHyBaHHsS TEXHOJIOTii Ta
MIPOTOKOIY MaKETHOTO (mmadpoBoro)

APRS aMaTOPCHKOT0 PaJlio3B'sI3Ky

3B'130K 3 BHKOpPHCTaHHAM Micsmsa K

EME MIACUBHOI'0 PEeTpaHcisITOpa

[Ticns ycmimHOro 31aBaHHs iCIUTY KBajidikauiiiHo-
TEXHI4YHOI KOMicii Ta mepeBipku TexHigyHoro crany APC
panmioamatop onepxye B YKpaiHCHKOMY Jep)KaBHOMY
neHTpi pamiodactor (YLIP) mo3Binm Ha eKCIUTyaTallio
aMaToOpChKOI pafiocTaHIii BCTAHOBIEHOTO 3pa3Ka.

J103BiJ 3acBiuy€ MprU3HAYEHHS TO3UBHOTO CUTHAITY Ta
IpaBo HOro BIacHUKa Ha ekciuryartanito APC BinnosimHo
Jno ksanmidikamii orepaTtopa YHpPOJIOBXK BH3HAUCHOTO
TEpMiHY B IEBHUX YMOBaX.

Juisi oTprMaHHs NEBHOI KaTeropii rapMoHi30BaHOTO

ek3ameHariiinoro ceptudikata CEPT mo VYLP
HAJA€ThCS 3as5Ba BCTAHOBJICHOTO 3pa3Ka.

Bumani  YJIIIP  rapmoHi3oBaHi  eK3aMeHaIiHHI
ceptudikaTh BU3HAIOTHCS AJMIHICTpPAIiSIMU  3B'S3KY

inmmx kpain-anenis CEPT 1 kpain, 1o npuenHanucs 1o
rapmonizauii ninen3iit CEPT.

Papnioamatop, mo mae miuensito CEPT, moxe BinbHO,
HE OJIEpPXKYIOUM  HAIlOHANIbHY  JILEH3II0  KpalHu
nepeOyBaHHsI, 3/ifICHIOBaTH Iiepeaadi ynpoaosx 90 nHiB
13 Kpainu, 1o npuenHanacs 1o pexomenanii CEPT.

ApMiHicTpanii  3B'I3Ky JNESKMX KpaiH [PUNAHSIIHA
pexomenanii CEPT uactkoBo. J{j1st 3niliCHEHHS niepeiay
i3 [mMX KpaiH HeOoOXiMHO OJepKaTh HalliOHAIBHI
JIO3BUITBHI JOKYMEHTH.

VY pa3i npoBejieHHs CeaHCiB pajlio3B'sa3Ky Ha TEPUTOPIT
VYkpainu pagioaMaTopu IHIIMX KpaiH mepes 0COOMCTHM
MO3MBHUM CHTHAJIIOM 4epe3 Jpi0 ponatots jitepu «UT».

Pexomenpanii ta nosigzomineHdss CEPT, saki BigHOCATE
JI0 aMaTOpChKOI cIIyOH Ta aMaTOpChKOi CYITyTHUKOBOL
ciryx0u:

1. Recommendation T/R 61-01 — Pamioamaropcbka
mnensis CEPT;

2. Recommendation T/R 61-02 — T'apmoHnizoBaHmHit
panioaMaTopChKUi eK3aMeHaIli HHUH ceprudikat
(HAREC) [1].

B Vxpaini IlocranoBoro HarmionanpHOi Komicii, 10
3OiICHIOE ~ Jep)KaBHE  peryllloBaHHA Yy  cdepax
eJIEKTPOHHUX KOMYHIKaIlilf, palioYacTOTHOTO CIIEKTpa Ta
HaJaHHS TOCIYT IIOIITOBOTO 3B’S3KY, 3aTBEpIKCHUI
«PermaMeHT amMaToOpchKOTO pamio3B’s3Ky Ykpainu». Llei
periiaMeHT BU3HAYaE:

1. Tlopsmok KOpPHCTYBaHHSA PaliOYaCTOTHUM CHEKTPOM
VYkpaiHH aMaTOPCBHKOIO CIYX0010 pamio3B’s3Ky Ta
aMaTOPCHKOIO CYITYTHIKOBOIO CITY>KOO0I0 paTio3B’sI3Ky;

2. 3aranpHi BHMOTH [0 TapMOHI30BaHOTO  Ta
HaIllOHAIBHOTO eKCIUTyaTaliiHuX JokyMeHTiB APC;
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3. Tlponemypy 3aMOBICHHS i OGOPMIICHHS TO3WBHHX
CUTHAJIIB Ta eKCIUTyaTaniiHnX 1okyMeHTiB APC;

4. ®opmu ekcruryaTaniiaux nokymentiB APC, a Takox
¢dopmn 3amoBneHHS (TIepeiik HeoOXimHol iHdopmartii)
ISt iX 0hOpMITCHHST;

5. Bumorm 10 omyOJiKyBaHHS 3araJlbHOJZOCTYITHOI
iHdopmanii mpo excruryaraniiiHi nokymeHtH APC Ta
00MiHy iH(OpMAIli€r0 i3 BJIACHUKAMH 1H(OpPMAIIHHIX
pecypciB.

Jist 1poro periamMeHTy TIOIIUPIOETBCS Ha  BCIX
pamioamMaTopiB, 30KpeMa Ha paJiioaMaTopiB-iHO3EMIIIB,
SKI eKCIUTyaTyloTh a00 MaroTh HaMip eKCIUTyaTyBaTh
aMaTOpPCHKi paiocTanIii Ha TepuTopii YKpaiHu.

Cepell OCHOBHHX BUMOT, BCTAHOBJICHUX PETJIaMEHTOM,
II0/I0 TPOBEJECHHS aMaTOPCHKOTO paJlio3B'si3Ky BapTo
BIJI3HAYUTH:

1. IIpoBenenHs ceaHciB panio3B's3ky oneparopamu APC
MTOBUHHO 3/[IMICHIOBATUCS TIJIBKUA Y CMyTax paJiodacToT,
BUJIaMH PaJIio3B'sA3Ky Ta 3 piBHAMHU BHXIiIHOI IOTYKHOCTI,
0 Bi/MOBIIAIOTH KaTeropii (kBasidikallii ormeparopa) Ta
3a3HauYeH1 y T03BOJI.

2. Tlepen mouaTkoM ceaHcy pajnio3B'si3ky omepatop APC
NIOBUHEH IEPEKOHATHUCS, 110 OOpaHUil HOMIHAN YacTOTH
(xaHaJ) BUIBHUM.

3. Ipu BenenHi paaio3s'szky oneparop APC He nmoBuHeH
CTBOPIOBATH 3aBaJy y CYMDKHHX CMyTax paaiodacTor,
II0 B)KE BUKOPHCTOBYIOTHCSI IHIIUMH CTaHI{iSIMH.

4. Pamio3B's130Kk 3 IHIIUMH PAIiOCTAHI[IIMH, IO HE
Halle)kaTh  aMaTOPChKIA  pajiocinyx0i, JT03BOJSETHCS
TIJIBKM Y BHNQJKY nepeiadi HuMu curHaiiB nuxa (SOS,
MAYDAY) Ha pazgioyacToTax, MO0 PO3MNOALUICHI
aMaTopChKil CyxO0i.

5. Amaropcbkuil pajio3B'sI30K MOBHHEH MPOBOAUTHCS
BIIKDUTHM TEKCTOM Ha pPaJioaMaTOpPChbKy TEMAaTUKy M
0oOMeXyBaTHCsT  TOBIAOMJICHHSIMA 3  JOTPHUMaHHIM
3aKOHO/IABCTBA MPO KOH(iAeHiHHY iH(popMaIlio.

6. Onepatop APC 3000B'si3aHuii nepenaBaTi MO3WBHHUN
CUTHAJI CBOEI CTaHIii HAa IMOYATKy Ta MpPU 3aKiHYCHHI
CeaHCy pajio3B's3Ky, ajie He pijie HbK onuH pa3 Ha 10
XBUJIMH [2].

I[i BuMoru cmpaBeAnMBi AJsi TPOBEICHHS CEaHCIB
aMaTOPCHKOTO Pajiio3B’sI3Ky y BCIX KpaiHax-y4acCHHUIISX
CEPT.

111. BUCHOBKU

B manmomy wMmartepianmi MpencTaBICHHWN OIJISAA IIOAO
BUKOPDHUCTaHHS  pajioaMaTtopaMd  pagioyacTOTHOTO
criekTpy B YKpaini. MaTepiany migroToBII€HI HA OCHOBI
YMHHAX HOPMATHBHO-TIPABOBUX aKTiB Ha BepeceHb 2024

p.

ITEPEJIIK TOCUJIAHD
[1] BeGcaiir TI'pomancekoi crinkn «BceykpaiHchka
pamioamatopchka Jiray. Pesxxnm JIOCTYIIY:

http://surl.li/qlwtaz (nata 3BepuerHS: 24.09.2024)

[2] TIpo 3arBepmkeHHs PeriameHTy amaTopChKOTO
pamio3B’si3ky  Ykpainm [EnexTpoHHHII  pecypc]:
ITocranoBa HarionaapHOT KOMicCii, IO 3/iHCHIOE
Jiep)KaBHE PETYJIOBaHHS y cdepax eJeKTPOHHUX
KOMYHIKaIliff, paJiouaCTOTHOTO CIIEKTpa Ta HaIaHHS
MOCITyT TIOIITOBOTO 3B’SI3Ky: [3apeecTpoBaHO B
Minicrepcetsi roctriiii Yipaian 29 gepsus 2023 p. 3a
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Ne 1106/40162]. - Pexum JIOCTYIIY:
https://zakon.rada.gov.ua/laws/show/z1106-23#Text
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Po3pobka MeToay BU3HAYCHHS IIIBUAKOCTI
nepeMilIeHHs 00'€KTIB Ha OCHOBI aHaI13y 300paKeHb

Bopownos Jlennc !, Cezonona Ipuna 2

1. Kadenpa KITAP, XapkiBchkuii HalliOHANBHYH yHiBepCcHTET pagioenekrporik, YKPATHA,
Xapkis, np. Hayku. 14., email: denys.voronov@nure.ua

2. Kacdenpa KITAP, XapkiBchKuii HalliOHANBHII yHIBepcHTeT pagioenekrponiky, YKPATHA,
Xapkis, nip. Hayku. 14., email: iryna.sezonova@nure.ua

Anomauis: B ngaHoMy Martepiani HaBEJICHO IPUKIA]
BukopuctanHs Oibmiorekn OpenCV mns po3poOKku MeTomy
aHaJi3y 300pakeHb.

Knrouoei cnosa: OpenCV, Anroput™, iHTErparis.

. BCcTvin

CydJacHi CHCTEMH MOHITOPHUHTY JOPOXKHBOTO PYXY,
BiJICOCTIOCTEPEKEHHS, aHAN3 CIOPTUBHUX IMOMIA Ta
cucteMH O€3NEeKH 3HAYHOKO MIpOI0  3ajiekaTh  Bill
AJITOPUTMIB, ITI0 37aTHI TOYHO BUMIPIOBATH IIBHIKICTh Ta
Tin  00'ekTiB. Bu3HaueHHs MIBUAKOCTI MOXe OyTH
KOPHCHUM IS TOKpAIlleHHs Oe3lMekd Ha Joporax,
3am00iraHHs  HEIACHUM BHITaJKaM, a TakKoX JUIs
aBTOMaru3alii 0araTb0X PYTHHHHX IPOILECIB, TAKHX 5K
KOHTPOJIb TPAHCIOPTHUX MOTOKIB. OMHUM 13 HaHOUIBII
MOMMPEHUX 1 TOTYXXHUX IHCTPYMEHTIB JUIsS aHaNi3y
300paxens € Oidmioteka OpenCV, BoHa Hagae Oe3fidu
GbyHKUi i peanizaiii CKIaJHUX AITOPUTMIB 00pOOKU
Bizeo. [i BhpoBa[KeHHA 1O3BONUTH ONTHMi3yBaTH
MpOLIEC aHaNi3y BHPOOHUYUX CHCTEM CTEXCHHS Ta
Oe3leKd, a TaKOXX HaJacTh HOBI MOMKIMBOCTI I iX
PO3BHUTKY

Il. METO/T AHAJII3Y 30BPAXEHbD

OpenCV (Open Source Computer Vision Library) —
e BiakpuTa 0i0mioTexka IS KOMI'TOTEPHOTO 30py Ta
00poOku 300pakeHb, sKa HAJA€ LIMPOKUI HaOIp
IHCTPYMEHTIB JJIsl aHANi3y Bi3yalbHHX JaHHX, TAKUX SIK
¢oto, Bifeo Ta 300pa)KeHHS 3 KaMep y peajbHOMY 4Yaci.
Bona miarpumye pisHi MoBu mporpamysanus (Python,
C++, Java), mpaifioe Ha pi3HUX OINEpalliiHUX CUCTeMax
(Windows, macOS, Linux, Android) i BKIOYa€e moHan
2500 anropuTMiB JUIS TaKUX 3a/a4, SK PO3Ii3HABAHHS
00'€KTIB, TPEKIHT PyXY, aHAJII3 ONTHUYHOTO TTOTOKY TOIIO.

OpenCV  no3Bonsie  0OpoOnsITH ~ 300paxeHHsI B
peasibHOMY dYaci 3aB[SIKM  HIATPUMIN  arnapaTHOTO
npuckoperss (GPU), mo poOuts ii 0co0IMBO KOPUCHOIO
B CHCTEMax  BIJICOMOHITOPHHTY, aBTOMAaTH3aLil,
aBTOMOOIIBHIN MIPOMHCIIOBOCTI, M€ IULMHL Ta
pobotoTexniii. BoHa  Mae  BeNMKY  CHUIBHOTY
po3pobHUKiB, 1m0 3abe3medye JErKy IHTETpamiro Ta
OIMPOKI  MOXIJIMBOCTI it po3poOku B cdepi
KOMII'TOTEPHOTO 30DY.

OpenCV Hagae nmpokuii HaOlp IHCTPYMEHTIB i
(YHKIIH, 0 JO3BOIISIOTH 3HAYHO CIIPOCTUTH CTBOPEHHS
QJITOPUTMY LIISIXOM 3aCTOCYBaHHS B)KE TOTOBUX MOMYJIIB
JUIA  JETEeKIlii, TpeKiHry oO0'€kTiB Ta aHam3y iX
IIepeMIiIICHb. OcHOBHI eTaru, SIK1 MOYKHA
aBTOMaTu3yBatu 3a gomnomoror OpenCV, BKIHOYAKOTh
TIoTIepeIHI0 00pOOKY 300pa)keHb, BHIIJICHHS KOHTYPIB

00'eKTiB, TpEKiHT 1X pyXy MiX KaJpaMu Ta PO3paxyHOK
napametpiB mBuiakocTi. lle mo3Bonse peanizyBatu
CHUCTEMY B PEaJlbHOMY Yaci, 10 € BaXKIMBOIO ITEPEBAror0
B KOHTCKCTI CY4YaCHUX BHPOOHHYUX TPOLECIB, e
HeoOXiJTHA IIBHUJKA 1 TOYHA OOpOOKAa BEIUKUX OOCSTIB
nmanux. [IpukimagoM MoOXKe BUCTYNATH AaHATI3 PyXy
MallliH y TUIONII JTOPOXKHBOT PO3B’SI3KM PO30MTOI Ha
cektopu puc. 1.

Puc.1. AHani3 pyxy MallliH Yy IUIOLII JOPOXHBOT
PO3B’s3KU

Anroput™ Ha ocHOBi OpenCV 3naTHuii 3a0e3mednTH
BUCOKY TOYHICTh 3aBISKH BHUKOPHUCTAHHIO METOJIB
ONTUYHOTO TOTOKY, KOPENAIil Ta IHIMX MIIXOMAIB JUIs
aHamizy pyxy. lle mo3Boisie aBTOMAaTH4YHO BH3HAYaTH
MIBUIKICTh TepeMillleHHs] 00'ekTiB 0e3 BTpydYaHHs
JIFOJTMHHM, IO 3HAYHO IMiJBHILYE e(PEeKTHBHICTD 1 3MEHIIIy€e
HMOBIpHICTh TIOMHJIOK Ha BHpoOHHITBI. Kpim Toro,
MOJJIMBICTD IHTETpAIii 3 IHIIMMHU CUCTEMaMH, TAKUMH SIK
poOOTH30BaHI KOMIUIEKCH 4YM aBTOMATH30BaHI JIHIT
KOHTPOJIIO SIKOCTi, JJO3BOJISIE BUKOPUCTOBYBATH IIi JaHI
I aBTOMATUYHOI KOpeKIIil MpoI1IeciB abo
MIPOTHO3YBaHHS MOXKIMBHX BiIXMIICHb.

VY pasi ueBukopuctanus OpenCV abo aHamOriuHUX
0i0mioTek  po3poOka  anropuT™My — MOTpeOyBaTHME
CTBOPEHHsSI BJIaCHUX pIlIeHb JUIA KOXHOI'O eTaily,
BKITFOYHO 3 00pOOKOI0 300pakeHb, BUAUICHHSIM 00'€KTIB,
aHaNl30M pyXy Ta oOuMcieHHsSM mmBHIAKOCTi. lle He
TITBKM 3HAYHO 3OLIBIINTH dYac po3poOKH, ame W
MiIBUIIUTh CKJIAJHICTH OITHUMI3AIlil alTOpUTMY Ui
pobotu B peampHOMy Yaci. KpiM TOTO, Taki alropuTMu
MOXYTb BUSBHTHCS MEHII TOYHUMH Ta MPOIYKTHBHHUMH,
OCKITBKM HE  BHKOPHCTOBYBATHMYTh  TOTOBHX 1
nepeBipeHux pimeHb, ski Bke € y ckiaaai OpenCV.
BigcyTHiCTh TOTOBHX 3ac00iB IS MapaielbHOI 00pOOKH
JAaHUX i BUKOPHCTAHHS arapaTHOTO MPHCKOPEHHS TaKOoX
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HETaTHBHO BIUINHE Ha MIPOTYKTHUBHICTD i
MacIITa0OBaHICTh CHUCTEMH, IO € BAXJIMBHM JUIS
BEJIMKUX BUPOOHUYMX MTPOLIECIB.

Po3poOka BiacHOTO MeTOqy BH3HAYEHHS LIBHJIKOCTI
TepeMileHHs] 00'eKTiB JuIsi BHPOOHWITBA HAa OCHOBI
OpenCV Moxe MaTH KiUTbKa BaKJIMBUX IepeBar
MOpIBHSAHO 3 HAasABHUMH aHaioramu. Ilepmr 3a Bce,
BJIACHHMI METOJI IO3BOJISIE THYYKO aIalITyBaTH allrOPUTMHU
MiJ KOHKpeTHI morpebu migmpuemctBa. Lle ocobmmBo
BXJIMBO  JUII  BUPOOHMITB 3  YHIKaJbHUMH
TEXHOJOTIYHUMH TIpOIECaMH, JIe THIIOBI pillIeHHA
MOXYTh HE TIOBHICTIO BI/AIOBIZaTH BHMOTaM ILOJO
TOYHOCTI, TMPOAYKTUBHOCTI abo iHTerpamii. BacHwuii
METOJ JI03BOJISIE ONTUMI3YBaTH CUCTEMY TiJ crienu didHi
YMOBH €KCIUTyaTallii, Taki Ik po3Mip 00'eKTiB, MBHUIKICTh
iX pyxy Ta 0COOJMBOCTI BHPOOHMYMX IIPOIECIB, IIO
3abe3nevye niaBuIIeHy edekTiBHICTh. [IprKiamom Moxe
CIIyTyBaTH 3UMTYBaHHS BU3HAUCHUX 3a37aJIeri/lb 00’ €KTIB
Ha BUPOOHMIITBI, TAKMX SK KOPOOKH, HaBaHTaXKyBauHW,
JIIOJT TOIIO PHC.2.

5

Puc.2. 3untyBaHHs BU3HAYCHUX 3a3/1aJeTib 00’ €KTIB

Ille onHi€I0 TIepeBarol® € MOXJIUBICTh TIMOOKOT
iHTerpamnii 3 HasBHAMH IH(pOpPMAIIHHUMU CUCTEMaMHU
OiANPHEMCTBA, [0  JO3BOJISE  OTPUMATH  IOBHY
aBTOMATH3allil0, Bijl 300py aHUX JI0 YXBAJICHHS PILlICHb.
Hanpuknax, ™etox Moxe OyTH IHTErpoBaHMH 3
CHUCTEMaMH KOHTPOJIIO SIKOCTI, JIOTICTUKH 200 yIpaBIIiHHS
3amacami, 1o CTBOPIOE €MUHUH iHQOPMALiHHUN MPOCTIp
JUIsl YIPaBIIHHS BUPOOHUITBOM. BracHuii MeToq Moxe
Oyt TaKOX MacITaboOBaHUM, 3a0e3medyoun
MOXJIMBICTb JIETKOI ajamTamii OO HOBHX YMOB a0o
PO3LIMPEHHS BUPOOHHYHMX MOTYXHOCTEH 0e3
HEOOXiTHOCTI  CYTT€BUX 3MiH y  TIPOTPAMHOMY
3a0e3MeUeHHI.

1. TTPUHIIUIT POBOTU AJITOPUTMY
Anroputmu  OpenCV  mpamioroTh 32 MPHHITUIIOM
aHaNizy 300pa’keHb 1 BiIe0O 3 BUKOPHUCTAaHHSIM METOIIIB
KOMI'foTepHOTO 30py. OCHOBHHII TIpomec BKIIOYAE
KiJlbKa eTarriB, IMOYMHAIOYM BiJl MOMEPEIHBOI 00pOOKH
BXIJHAX NAHWX 1 3aKiHIYyIOUM BUBEACHHSIM HEOOXiTHIX

pe3yNbTaTiB, TaKWX K KOOPIMHATH OO0'€KTiB, 1X
TpaeKTopii a00 MBUAKICTH TEPEMIIICHHS.
[epmmit eram — 3aBaHTaXeHHA Ta 0OpoOKa

300pakeHp abo Bimeo. OpenCV Moske mpaiioBaté 3
pizHEME (opMaTaMul haiiiTiB, 3UNTYBATH ITOTOKU 3 KaMep
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y peampHOMY uYaci a00 3aBaHTa)XXyBaTH CTaTHYHI
300paxkeHHs 3 (aitmoBoi cucrtemu. Ha mpoMy erami
3a3BUYal TIPOBOTUTHCS TToTepe Hs 00poOKa:
MIEPeTBOPEHHsT 300pa’keHb Yy HeoOXimHuil  Qopmar

(mampukiaj, B cipi TOHH), 3MEHIIEHHS ITyMiB a0o iHII
¢inpTpariifHi oneparii A8 MOKpaIleHHs SKOCTI JaHHX
puc.3.

TaHUX

Hpyruii eran — BuauieHHs o0'extiB. Lle kimtouoBwmii
MOMeHT Yy poboti anroputMmiB OpenCV. [lns uporo
BUKOPHCTOBYIOTh Pi3HI METOIM, Taki SK IIOpOrosa
o0poOka (thresholding), merekuiss koHTypiB (edge
detection) abo aaropuTMH CETMEHTAIlii 300paXKeHb.
YacTo 3aCTOCOBYIOTh METOJM JNETEeKIi KpaiB, Taki K
anmroput™m Kanni (Canny) puc.4, skuii BHIUISE MeExXi
00'eKTiB y 300paxkeHHi, a00 METO/IM ONTUYHOTO ITOTOKY,
IO JO3BOJISIFOTH BIJICIIIKOBYBATH 3MIHY IIOJOXKEHHS
MIKCEeIIB y MOCIIiIOBHOCTI KapiB.

i agnd S22 B vy = 01 W oy —

Puc.4. Anroputm Kanni (Canny)

Tpertiii etann — TpekiHr o0'ektiB. Ilicis Toro, sik 00'ekTH
BUJIUICHI, 1X HEOOXIHO BIJICTEXXYBAaTH Yy HACTYITHHX
Kagpax Bimeo. lLle mocsraeTbcs NUISIXOM TOPIBHSIHHS
MO3MIiA 00'€KTIB Mk Kagpamu. ICHye KiidbKa MigXOmiB
IO TPEKIHTY, 30KpeMa METOIW, 3aCHOBaHI Ha KOPEIAIii,
a00 BUKOPHCTaHHA OUTBII CKJIAJHUX AJTOPUTMIB, TaKHX
sk Kalman Filter (puc.5) ab6o Mean Shift. Taxki
QJITOPUTMH JIO3BOJISFOTH BPAaXOBYBATH 3MiHY ITOJIOKEHHS
00'€KTIB HABITh y CKIAJHUX YMOBaX, TAKUX SIK YaCTKOBE
MepeKpHUTTS 200 3MiHH OCBITICHHS.
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Puc.5. Kalman Filter

UeTBepTuii etamn aHaJli3 pyxy Ta pO3paxyHOK
mBHAKOCTI. [IJis1 BU3HAUEHHS LIBMJKOCTI MEpeMilleHHs
o0'extiB  OpenCV BHKOPHCTOBYE METOAM ONTUYHOTO
noroky (optical flow), siki JO3BOJISIIOTH aHaJi3yBaTh
3MiHY TIO3WIIIH TMiKCeTB MiX KaJpaMd 1 BHU3HAYaTH
HapAMOK Ta HIBUJIKICTh pyxy 00'eKTiB.
HailinommpeHimmid airoput™M [Uiss IIbOT0 — METOJ
Jlykaca-Kanane (Lucas-Kanade) puc.6, sikuit no3Boisie
0OYMCITIOBATH BEKTOP IIBHIKOCTI KOXXHOTO MIKCEIs, IO
NepeMilllaeTbesi MK Kajapamu. Ha ocHOBI oTprMaHHX
JaHUX MOXKHa pO3pPaxOBYBAaTH CEpPEJHIO IIBHIKICTh
00'exTiB ab0 iX TpaexTopii.

L

Puc.5. Meron JIykaca-Kanane (Lucas-Kanade)

OcTtaHHilt eTam — IHTepOpeTamiss pe3yNbTaTiB Ta
BuBeIeHHA. [lics 3aBepIIeHHS aHAN3y PyXy ajJrOpUTM
OpenCV BuBoIuTH 00pO0OIIEH] AaH1 y 3pydHOMY (hopMmarti
— 1e MOXYyTb OYyTH SK YHCJIOBI JaHi (KOOPIMHATH,
IIBUKICTB), Tak 1 Tpadiui 300paxeHHs (BimoOpaxeHHS
TpaekTopiii pyxy Ha 300paxkenHsx). OpenCV Takox
JIO3BOJISIE IHTETPYBATH PE3YJIbTATH B iHII CHCTEMH, TaKi
SIK CHCTEeMH KEpyBaHHS BHPOOHUYHMMH IporiecamMu abo
aBTOMATH30BaHI aHATITUYHI CHCTEMH.

3aBmaxu TakuMm kpokam OpenCV 3abe3nedye BHCOKY
TOYHICTH 1 MPOAYKTUBHICTH i/ 4ac aHaJi3y 300paXkeHsb 1
BiJleo, M0 POOWUTH HOTO HE3aMiHHUM iHCTPYMEHTOM JUIS
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peaizarii anropuT™MiB BU3HAYCHHS IBUIKOCTI 00'€KTIB y
Pi3HEX BUPOOHHYMX a00 HAYKOBHUX IPOEKTAX.

[IpuknamoM nae TpeACTAaBIEHHH KOXKEH €Tal MOXKe
OyTH cucTeMa KOHTPOIIO 38 PyXOM KOHBEEPHUX CTPIYOK
Ta aBTOMAaTH3allii BUPOOHUYOTO IPOIeCcy Ha 3aBOJaxX, 110
BUTOTOBISIIOTE 1 MakyloTh  mOponykuito. Kamepu
BCTaHOBJIIOIOTHCS B3/I0BK BUPOOHMYO] JIiHii, Ie TTOCTIHHO
pyXxaroThcsi BHpOOM 4M Jetasi mo KoHBeepy. Kamepn
(dikcyroTh Bimeo abo poONATH cepilo  300paKeHb
npoxykuii mig 4ac ii pyXy mo cTpidmi. 3a 10moMororo
OpenCV mpoBOUTHCS aHANTI3 300paKCHB JIJIS BUIUICHHS
o0'ekTiB  (BUpOOIB), fAKi pyXarOThCS 110 KOHBEEPY.
3aCTOCOBYIOTBCSI METOJM JUI TPEKIHTY O0'€KTIB MiX
KaJ[paMu JUIsl OIITUYHOTO TIOTOKY, 11100 TOYHO BH3HAYNTH,
SK IIBHJIKO PYXaIOThCsl 00'€KTH. ANTOPUTMHU JI03BOJISIOTH
BUMIPSTH IIBHJKICTH KOXKHOTO BHpPOOYy abo neram Ta
BIJICTEXKYBATH XHIO TPAEKTOPIIO. SIKIIO MBHIKICTD PyXy
Ha KOHBEEPI BUXOAUTH 32 MEXKIi JIOMYCTUMUX MTApaMEeTpiB,
cUcTeMa aBTOMAaTHYHO KOPHUTYE IIBUJIKICTh KOHBeEpa abo
BUJIA€ TONEpe/DKEHHs orepaTopy. Taka chucTeMa TaKOX
3/7aTHA BUSBIATH 3001, KOJMM MPOJAYKIsS HENPaBUIBHO
pyxaerbcss abo 3actpsirae. lle no3Bosisie  3HAYHO
MIIBUIMATA TOYHICTh 1 IIBUAKICTH KOHTPOJIIO HAajd
BUPOOHMYKMM TPOLECOM, 3HU3UTH PU3UKH NPOCTOIB abo
MOLIKO/DKEHHST TMPOJYKI{, a TakoX ONTHMi3yBaTh
poboTy 00naHaHHs Oe3 BTpy4YaHHS JIFOIUHH.

1VV. BUCHOBKH

BHpOBalI)KeHHH BJIACHOI'O MeTOlly BU3HAYCHHA
MIBUJKOCTI TepeMillieHHs: O0'€KTIB Ha OCHOBI aHANI3y
300pakeHb B aBTOMAaTH30BaHI BHUPOOHHYI TMpOLECH
MPUBOJUTH JIO MiABUIIEHHS TOYHOCTI MOHITOPHUHTY Ta

KOHTPOITIO, ornTumizanii pobotu o0J1aIHaAHHS,
aBToMmaru3aiii 300py JaHMX 1 aHal3y pyxy OO'eKTIB y
peanbHoMy  uaci. lle  mo3Bossie  MIANIPUEMCTBY

e(eKTUBHIILIE KepYBaTH PECypCaMH, 3MEHIINTH KUTbKICTh
TIOMUJIOK 1 3001B, a TaKOXK 3a0e3MeunTn Oe3MepepBHICTD 1
AKicTh ~ BUpOOHMITBAa. Taka  iHTerpauis  Crpuse
MIiZBUIIEHHIO TMPOJYKTUBHOCTI, 3HWKEHHIO BUTpAT Ha
TeXHI4HE OOCIyroByBaHHS, MiHIMI3alii MPOCTOIB Ta
MOKPAICHHIO KOHKYPEHTOCIIPOMOXKHOCTI MiATPUEMCTBA.
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Abstract: This paper analyses the specific features of
low power consumption loT devices with an built-in
power cell in relation to ensuring a guaranteed service
life. It also considers the actual issues of the need for
automated functional control of the consumption of such
devices during acceptance testing by the manufacturer.
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. INTRODUCTION

Modern electronic products are monitored during the
production cycle to detect defects at early stages of
production, minimize the cost of their elimination and
produce products that meet the requirements of
international quality standards 1SO 9000, IEC standards,
quality requirements for printed circuit boards (PCBs)
and solder joints - IPC standards, as well as Ukrainian
state standards - DSTU, in particular DSTU 3021-95 [1].
In order to avoid the risk of errors caused by the human
factor and to reduce the time spent on testing, all these
types of inspections are automated as much as possible.

One type of such inspection is functional testing.
Functional testing verifies that all the functions of the
electronic assembly or device under inspection meet the
specified requirements. This is its difference from
electrical testing, which is limited to checking each
component in isolation from the entire electrical circuit.
During these tests, it is not only checked how the
components of the assembly or device function, but also
how some components and signal circuits affect others.

Functional testing is a much more complex and
comprehensive process than other types of production
inspection. It is purely unique to each item of
manufactured products and involves a deep
understanding of how all the components of the product
work, not only how they should work according to their
intended purpose, but also «knowing the hundreds of
ways in which this chain can fail» [2].

Functional testing requires automated testing
equipment that is specialized to the maximum extent
possible for each product item being tested. This
equipment, although created from unified blocks,
requires development costs (including software) and
setup.

Taking into account the fact that after optical and
electrical inspection, only 5 to 7.5% of manufacturing
defects can be found during functional inspection and the
above mentioned high costs of such inspection, most
contract electronics manufacturers try to avoid functional
testing, limiting themselves to performing a combination

of optical inspection, X-ray inspection and electrical
inspection.

However, there are a number of devices for which
functional testing is one of the key ways to verify product
quality. For these devices it is vitally important to
perform functional testing, because only with the help of
this type of inspection it is possible to guarantee the
required product quality and reduce the manufacturer's
reputational risks.

1. ANALYSIS OF SPECIFIC FEATURES

In this paper, we will focus on a class of low-power
consumption components of automatic control and data
acquisition systems with a built-in, non-removable power
source and either a wireless data exchange interface or a
liquid crystal display (LCD) for further visual reading.
These devices are referred to as loT devices and present
sensors/converters of the measured physical quantity
(temperature, humidity, gas concentration, etc.),
recorders (loggers) or various energy metering devices,
such as heat cost allocators, meters for hot/cold water,
gas, and electricity consumption.

The main feature of these devices that unites them into
a separate group is that they use a built-in, non-
removable battery as the main, and in most cases the only
power source. This cell provides them with electricity
throughout their service life, which is usually long (5 to
10 years of continuous operation). This is achieved by
lowering the current consumption of such devices as
much as possible, including the use of ultra-low-
consumption components. Currently, these devices use
lithium batteries (lithium-manganese dioxide Li-MnO2,
lithium-thionyl chloride Li-SOCI2). The reasons for their
use are that these types of cells can be manufactured in
various form factors (cylinder or coin), have a high
energy density (0.5 kWh/kg, 1.2 kWh/l), exceptionally
low self-discharge currents (approximately 1% per year)
and are capable of operating in a wide range of negative
and positive temperatures. The high degree of tightness
allows lithium cells to be stored for 5-7 years before use.

The devices we are considering in this paper are
mostly mass-produced, have a low cost, and in the event
of a battery discharge, cannot be repaired or restored, but
are replaced with an identical device. In this regard, the
design of such devices is extremely simplified and
focused on performing the main function - measuring and
transmitting data to the user.

The maximum simplicity of the design of these devices
eliminates all possible tools for self-diagnosis and
communication with automated test equipment, because
the microcontrollers used in them fully utilize all
available resources to perform the main functions. Any
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functions that are not directly related to the main
functions  require  extra  peripherals  (additional
input/output ports, analogue-to-digital converters, control
interfaces, program and data memory resources), which
increases the cost of microcontrollers and the cost of the
device as a whole.

Such devices function by combining short intervals of
activity, during which the device consumes an increased
current of a few units to tens of milliamperes (usually no
more than 40 mA), with long intervals of reduced
consumption or ‘sleep” (Low power mode or Sleep
mode). In Sleep mode, the consumption is several orders
down from that in the active mode and is a few
microamperes (approximately 0.5 to 6 pA). Such power
management is achieved by using microcontrollers that
can switch off power to all their peripheral functions,
reducing consumption to a minimum. During activity
intervals, these devices measure physical quantities (e.g.
temperature), process the data, and transmit it via
interfaces if necessary. In sleep mode, only timers work,
counting down the time until the sleep interval ends and
the device switches to activity mode. The majority of
their service life (over 97%) is spent in the low-power
mode. The duration of sleep intervals can range from a
few seconds to check the status of the timers, to several
minutes between measurements and data processing, and
even several hours between data transmissions over the
wireless interface.

A diagram of the power consumption of such a device
is shown in Figure 1, which clearly demonstrates sleep
intervals and peaks of active consumption

Fig. 1. Energy consumption diagram of the temperature sensor
with radio transmitter

Such micropower devices are extremely sensitive to
certain types of defects that may not play such a
significant role in other electronic devices. One such
defect may be a breakdown in the internal structure of
multilayer ceramic capacitors installed in power circuits,
which occurs during mechanical impacts (such as
bending of the printed circuit board when it is inserted
into the plastic case of the device or the impact of
electrical control probes). In this case, mechanical
deformation causes the destruction (cracking) of the
ceramic dielectric layer between the capacitor plates as
shown in Fig. 2 [3].

56

Capacitor body & electrodes
) /

7 e
Termination
Force /

Crack initiation-—-—f"ﬁﬁ—?

Solder fillat

<—Substrate

Fig. 2. Mechanical crack of capacitor

Another example of a manufacturing defect may be the
presence of flux residues on the printed circuit board after
assembly due to poor cleaning.

The leakage currents resulting from such damage and
defects can reach values of several microamps, which are
comparable to the consumption currents of the device as
a whole, and reduce the service life of the battery and the
device in general by several times.

Some types of battery designs, in particular the «coin»
type, have technological features that can cause leakage
currents in case of poor quality assembling. This is
explained by the fact that the bottom side of the cell is
one of the poles of the battery, and not insulated. When
small metal debris, solder splashes, etc. get under the
case of the battery, the protective layer of the printed
circuit board may be damaged and contact may occur
through metal conductive debris between the pole of the
battery and the signal tracks of the printed circuit board
as shown in Fig. 3. It can also be caused by poor quality
manufacturing of components, e.g. welding marks on the
battery terminal. As a consequence, leakage currents and
short circuits may occur, resulting in higher current
consumption, shorter service life and malfunctioning of
the device.

- 3 (SAEY
Fig. 3. Physical damage to the solder mask layer of the PCB by
metal scraps

The need to prevent products from being manufactured
with any of the defects listed above increases the
importance of measuring device consumption currents
during function testing.

The above-mentioned cyclicity of the device's
operation requires that during the test, not a single
measurement of the consumption current value is carried
out, but rather the measurement of the average value for a
certain cycle, taking into account the values of sleep
currents and active consumption currents [4].

An additional factor that complicates the test is that the
power supply unit of such devices, due to the
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requirements of cost reduction, does not provide for any
converters or stabilizers, and the DC voltage from the
battery terminals is directly connected to the device
power supply circuit. At the same time, firstly, the
voltage of the lithium battery decreases over time and at
some point falls below the minimum supply voltage of
the microcontroller that controls the device, which leads
to its hardware reset and, accordingly, the termination of
the functioning of the entire device. Secondly, the lithium
battery itself has an internal resistance of about ten ohms
(which increases as the battery ageing), which at the time
of peak activity of the device (during radio data
transmission) will cause a significant voltage drop, which
can also reduce the supply voltage of the device below
the minimum level and also result in a hardware reset. To
counteract this, a large-capacity electrolytic capacitor
(1000 pF or more) with low leakage currents is installed
in the power supply circuit of these devices in parallel
with the load. Its capacity is calculated so that the charge
accumulated by it, discharging during peak activity, does
not allow the supply voltage to fall below the minimum
level. Accordingly, the waveform of the measured
consumption current will not be pulsed, but distorted by
the charges and discharges of this capacitance, and this
must be taken into account when monitoring the
consumption cErrent —Fig.4.

Fig. 4. Distortion of the waveform at the shunt resistor when the
buffer capacitor is connected (grey - before the capacitor is
connected, blue - after the capacitor is connected).

Traditional methods of measuring the current with the
placement of a low-impedance shunt resistor in series
with the load in the device power supply circuit and
measuring the voltage drop across it, firstly, further
reduce the device supply voltage and create possible risks
of resetting at times of peak activity, and secondly,
increase the cost of the device due to the placement of a
component that will be used only once over the entire
service life of the device, during testing. Other methods
of measuring microcurrents are currently being
considered, based, for example, on the Hall effect et al.
[5, 6].

In addition, the condition of the battery itself must be
taken into account to evaluate the ability of the device
under test to provide the guaranteed service life, as it may
have been stored in the warehouses of the supplier or
manufacturer of the device for a long time before being
installed in the product. In this case, it is not enough to
simply measure the no-load voltage of the battery during
the input test, and it is advisable to carry out this test in
parallel with the measurement of the consumption current
in the loaded state.

S7

Since the devices we are considering are mass
produced, one of the key points of their functional testing
is the automation of this product quality inspection. This
will allow to avoid the risk of ‘human factor’ errors,
reduce the inspection time and, consequently, the
production cycle, which in turn will affect the cost of
production, as well as to accumulate, store and analyzing
the measurement results for quality forecasting.

I11. CONCLUSION

Thus, there is an urgent need during acceptance testing
of such low-power consumption devices with built-in
batteries to perform automated functional control of the
guaranteed service life by monitoring the consumption
currents, taking into account the periodicity of their
changes, and other battery parameters, such as voltage
and internal resistance, to estimate the battery life.

Therefore, it is necessary to develop new methods or
upgrade existing ones to enable such quality inspection
and its implementation in the production of electronic
equipment.
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Anomauyis: B naniii crarri Oyno po3DISIHYTO BIUTHB
EKCIIEpPTHUX CHCTEM Ta TOJIOCOBOTO KEpPYyBaHHS B CY4acCHOMY
BHUPOOHHMIITBI, a came B Ipmiano0yayBanHi. [IpoananizoBaHo ix
BIIPOBA/DKCHHS JUIS MiJBUIICHHS e(QEKTUBHOCTI, 3HIDKECHHS
KIUJIBKOCTI JIFOJICBKHX TIOMIJIOK Ta O€31eKH BUPOOHHUIITBA.

Kniouoei cnoea: exkcrepTHi cucTeMu, NpHIano0yTyBaHHS,
TOJIOCOBE KEPyBaHHSI.

. BCcTvin

Ianyctpiss 4.0 3niificHMIA BeNUMKMA KPOK B 3MiHI
MoJieNli  BUPOOHMIITBA, Ji€ aBTOMAaTu3alis Bigirpae
BaXXJIMBY POJIb B ONTUMI3allii MPOMKCIOBHX IPOIIECIB Ta
B MIiJBHINCHHI 3arajbHOi MPOAYKTUBHOCTI. TexHooril
aBTOMaru3amii, Taki SK pOOOTOTEXHiKa, MaIIMHHE
HaBYaHHS, IITyYHHUH IHTENEKT ab0 aHaITHKa BEJIMKHX
JaHUX pOONATH OUTBII NPOTPECUBHUMH  3BUYaiiHI
BUpoOHMYl omepamii. [li  TexHomorii J03BOJSIOTH
MaIlliHaM Ta CHCTeMaM OOMiHIOBAaTHCS iH(OpMaIli€ro, Ta
NpUIMaTH IHTEJEKTya bHI PILICHHS B PEKUMI PEATbHOTO
Yyacy, W0 MNPU3BOAUTH JO TMiABUIIEHHS TOYHOCTI,
LIBHJKOCTI Ta peHTabenbHocTi [1].

Ha piBHi 3 numu 3acobamMu aBTOMaTu3allii, eKCrepTHi
CHCTEMH Ta TOJIOCOBE KEPYyBaHHA CTAlOTh OLIBII
3HAYHUMU B CYYacHiii IMPOMHCIOBOCTi, OCOOJHMBO B
MpUIIaI00y IyBaHHI.

Tox HuM)KYE PpO3IISHEMO,
CHCTEMH Ta TOJIOCOBE KEpyBaHHA 1
3aCTOCOBYIOTBCSI Y BUPOOHHUIITBI.

IO TaKke eKCIepTHI
SK  BOHH

Il. OrJIs11 EKCIIEPTHUX CUCTEM V
BUPOBHUIITBI

ExcnieptHa cuctema, 3acHOBaHA Ha 3HAHHSAX, SBIISE
co00I0 KOMII'IOTEpPHY IIpOrpamy, ska BHKOPHUCTOBYE
JOocBiA Ta iHQoOpMalilo y BH3HaYeHi ramy3i Juis
IpuiHATTS pimeHs. L{g cucrema MicTuTh B c0o0i 0azy
JaHWUX, sKa pe3epBye 30ipky iHpopmamii Ta mpaBUi Ta
BIZATBOPIOE yci MaHi mpo mpobiaemMuy obmacts [2].

ExcnieptHa cuctema po3poOiieHa Ui 3aMiHU JTIOAeH -
eKCIIepTiB B  KOHKPETHIM  Tamy3i,  HaIpHUKIaZd,
npunagodymysanHi. Konn Ha BUPOOHHMIITBI HE BHUCTadae
(axiBIiB U1l IPOCKTYBAHHS YU JIarHOCTHKH, EKCIIEPTHA
cucTeMa MOXKE HaJlaBaTH MOPAJH Ta IOSCHEHHS, 5Ki BiKe
icHyoTh B 0a3i 3HaHb B peambHOMY dHaci. [lomaBaHHA
3HaHp B 0a3y JAaHWX EKCIIEPTHOI CHCTEMH € OCHOBHHM
MIPOLIECOM, SIKHI BU3HAYA€ THYUYKICTh CHCTEMH.

IcHytOTE pi3HI CIOCOOM TOJaBaHHS 3HAHB:

— JOIaBaHHS 3HaHb EKCIIEPTAMH, BHKOPHCTOBYIOUH
iHTepdeiic cuctemMr Ta CHeHmiadbHOI MOBH  JUIA
onmcyBaHHA (aKTiB i MpaBWIi, ajie Ied mporec 3aiimMae
KyIy 9acy Ta OOMEXYy€eThCsl 00CSTOM 3HaHB (axiBIliB;

— aBTOMATH30BaHE BHWJIYYEHHS 3HAHb CIIPOMOXKHE
MIPAIIOBATH 3 BEIMKUMH oOcsiramu iH(popMarlii Ta Moxe

MIBUJAKO OOpOONIOBaTH JaHi, aje moTpedye CKIaIHUX
iHTerpamiii, Takux sK MallMHHe HaB4YaHHS abo data
mining;

— KOMOIHOBaHWI TIi/AXil BHUKOPHCTOBYE JIEKLIbKa
METO/IB  pa3oM, yTBOPIOIOYM OUIbII  SIKICHY Ta
KOMITJIEKCHY CHCTEMY, ajleé BUMarae BEJIMKHX BUTpaT Ha
PO3pOOKy.

BrnacHe, ekcreptHa cucTeMa MpEACTaBIsiE COOOIO
KOMIUIEKC 3HaHb TMpOo MpodJieMy, sKy MOTPiOHO
3aCTOCYBaTH Ta  MEXaHi3M, SIKUH JIO3BOJISIE
BUKOPHCTOBYBATH 11l 3HAHHS JUIsl BUPILICHHS 3aBIaHHS B
BUTJISII HA0OPY TPaBHIL.

Omna 3 MepImx rajy3eu, sIKa rnoyasna
BHKOPHUCTOBYBATH €KCIIepTHI CHUCTEMHU Oyna
npuano0yayBaHHS. Ix nmowamu gomaBatm y
BUpPOOHMLITBO Ha  mouyarky  80-x  pokiB s

00CITyrOByBaHHsSI Ta JIarHOCTUKU OOJaJHaHHS, KOJU
CKJIaaHI 3aBOaHHS pOOMJIM BUKIIOYHO KBajidhikoBaHi
CHELIaNICTH 1 KOMIaHii TUIbKK MOYaln BIPOBAIXKYBATH
KOMIT IOTEPHI CUCTEMH, 3aMiCTh po0oTH (axiBuiB [3].
Tak 1 3apa3, eKCHEpTHI CHUCTEMH MPOIOBKYIOTh
BUKOPHCTOBYBATHCS B  JIIAarHOCTHUI[,  YIpaBIiHHI,
oOciyroByBaHHi Ta onrtumizauii. BoHu Bce wyacriie
IHTETPYIOThCS B IPOMHUCIIOBY AiSUTBHICTD MIANPUEMCTB Ta
BUKOPUCTOBYIOTBCS Ul NIPOTHO3YBAHHS BiAXWJICHb YH
HECHPaBHOCTI oOJNagHaHHA INe A0 iX BHUHUKHEHHS.
AHatizyroun JaHi IaTYMKIB B PEXKUMI pealibHOTO 4acy, 1i
CUCTEMH MOXYTb Iepe10adaTd HeOOXiHICTh TEXHIYHOTO

00CIIyroByBaHHSI Ta CKOpPOYyBaTH dYac  IPOCTOIO,
ONTUMI3YBaTh Tpadiku TEXHIYHOTO OOCIYyrOBYyBaHHS Ta
MPOJOBXKYBaTH  TepMiH  ekcrutyatamii.  Kommanii

3a3Ha4Yal0Th 3HWKEHHs BUTparT Ha 30% Ta MiABUINEHHS
e(eKTUBHOCTI poOOOTH 32  PaxyHOK 3MEHIIEHHs
HeodiKyBaHUX BiAMOB [4].

ITepeoBi TeXHOMOTII, TaKi K MTYYHUN IHTEIEKT ab0
MaliHHE HaBYaHHS, BHKOPUCTOBYIOTBCS UL
omTuMizamii BUPOOHWMYMX TporeciB. BBemeHHs 1wx
TEXHOJIOTIH TMPHU3BENO MO ITiABHIIEHHS MPOIXyKTHBHOCTI
Ha 10-15% Ta 3HMKEHHIO KiTBKOCTI OpakoBaHUX BUPOOIB
[5].

EkcrniepTHi cucTeMr TakoX JOMOMAararoTb B KOHTPOJII
SKOCTI, aHaNI3yl04d BHUPOOHWYI JaHiI Ta PO3IMi3HAIOYH
nIesiki  aHoMaiii abo BIOXWIEHHS BiJl CTaHIAPTIB.
Hampuknaza, B yMoBax cKJIafaibHOI JiHiT Ha BUPOOHUIITBI
Iy’KEe CKIIAJHO PO3MOJIUIATH 3aBIAHHA MK (axiBISIMH
TaKUM YHHOM, o6 30aaHcyBaTi poboue
HAaBaHTAXXCHHA, Oepydl MO0 yBarm Taki (aKTopH, SK
(dismuHe HampykeHHs, Oe3meka Ta BTOMa. TaKOX
moTpiOHO He 3a0yBaTH, IO ICHY€ HEBH3HAYEHOCTI, TaKi
K, HelepenoadyBaHWI Yac BHKOHAHHS POOOTH UM
pisHUMH piBeHb KBamidikamii ¢axiBmiB. ToOTO wHiNb
€KCTIepPTHOI CHCTEMHU 30amaHcyBaTH poboue
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HABaHTaXEHHs, TNPH IbOMY 3a0e3leunTH Oe3meKy
excrepTiB. HewiTka Jiorika 103BOJISIE CUCTEMI MTPALIOBATH
3 HEOJHO3HAYHNMH JTaHUMH Ta MOXKE BHKOPHCTOBYBATH
MpaBWJIa HAa OCHOBI EKCIIEPTHUX CHCTEM, HAIPHKIAI
«Skmo BTOMa pOOITHWKA BHICOKa 1 3amada moTpedye
BEIMKUX (I3UYHUX 3YCHJIb, JOPYYHTH II€ 3aBJaHHS
iHmomMy (axisiro». Cucrema MiCTUTH OaraTo KpHUTepiiB
Ta moO 1 peamizyBaTi HOTPiOHO 3i0paTH iH(OpMaIio
mpo poOiTHUKIB ((pi3MuHi JaHi Ta HABUYKHW), 3a/1adi
(cxnmamnicTs Ta BUMOrHM). ExcriepTHa cuctema oOpoOHUTH
i JaHi 3a JIOIIOMOTOI0 HEYiTKOi JIOTIKM JUISl OI[HKA
CHIBBIIHONIEHHS] MiX TpaliBHUKAMH Ta POOOYUMH
3aBlaHHsAMH. [lami, Ha OCHOBI IIpaBWJI, CHCTEMa MOXeE
TeHEpyBaTH MPHUHHATTS pillleHb Ui ITiABUIIEHHS
Oesriekn Ta e(exkTHBHOCTI. 3aBXKIM B EKCIIEPTHHX
CHUCTEMax € 3BOPOTHIM 3B’S30K 3i CHEIialicTaMu IS
TIOHOBJICHHSI BXKe icHYI04Oi iHpopmaii. Cuctema Moxe
aJanTyBaTUCS JO BUPOOHUYMX 3MiH, IO pPOOUTH i
THYYKOIO B PyXJIMBUX YMOBax [6].

I11. TOJIOCOBE KEPYBAHHS V BUPOBHIUNX
ITPOLIECAX

TexHonorist po3mi3HaBaHHST MOBH €  BaXJIMBOIO
YACTHHOI MIX B3aEMOJIEI0 JIIOAMHH Ta KOMII IOTepa,
3a0e3nevyoun Oe3nepediiHui 3B’S130K MiX
KOpHCTYyBayeM Ta TMpHJaJaMd 3a JONOMOIOK YCHHUX
KOMaH/ 1 3amuTiB. 3a OCTaHHI KUIbKa JECATHIITH
BiZOYBCsl 3HayHMH mporpec B 0OpoOIi Ta pO3yMiHHI
NPUPOIHBOT MOBH, SIKUH TEPETBOPHB PO3Ii3HABAHHS

roJiocy 3 BHHSTKOBOI TEXHOJIOTII /IO IIMPOKOTO
BHUKOPUCTAHHS y TIOBCIKICHHOMY KHTTI [7].
CucreMu  po3mi3HaBaHHA  TOJOCY  JO3BOJISAIOTH

CHOXKMBAa4aM B3aEMOAIATH 3 TEXHOJOTISIMH, IIPOCTO
PO3MOBIISIIOUM 3 HEI0, YMOXJIMBIIOIOUM 3allUTH IO
TY4HOMY 3B'SI3KY, HaraJyBaHHS Ta 1HIII TPOCTI 3aBJaHHSL
Po3ni3HaBanHsi romocy Moxke imeHTH(iKyBaTH Ta
pPO3PI3HATH  TOJOCH 32  JONOMOIOI0  IIpOrpam
ABTOMAaTUYHOTO pO3Ii3HaBaHHA MOBH, Taki sk ASR
(Automatic Speech Recognition), Microsoft Azure
Speech Service, Kaldi, Google Cloud Speech-to-Text ta
1HIIII.

CucremMa pO3Mi3HABaHHSA TOJOCY BUKOPUCTOBYE
TEXHOJIOTIIO0 JUIsl OLIHKH OlOMETPUYHUX XapaKTEPUCTHK
Bamioro ronocy. lle Bkirouae B cebe 4acToTy 1 MOTIK
BAILIOTO T'OJIOCY, a TAKOXK Balll akieHT. KoxHe ci0Bo, ske
BU BHMOBIISIETE, PO30OMBAETHCS HA CETMEHTH 3 JEKUIBKOX
ToHiB. [10TiM 11e OIUQPOBYETHCS 1 MEPEKIATAETHCS, 00
CTBOPHUTH BaIll BIACHUH YHIKaJIGHII TOJOCOBHI MAOIIOH.

B npunanoOyayBaHHi, TOJIOCOBE KEPYBaHHS 3MiHMIO
CITIIKYBaHHS OIEPATOPIB Ta IHXKEHEPIiB 3 MaIlIMHAMH Ta
cHUCTeMaMH, BOHO 3abe3nedye poboTy Oe3 3acTocyBaHHS
pyK, migBuilye e(eKTHBHICTh Ta Oe3neKy B yMOBax
migBuIIeHoi HeOesnmekn. Ha XIMIYHMX 3aBomax 4u
ramy3sX BaXXKOTO MAIMHOOYAyBaHHS, J€¢ POOITHHKH
MOXYTh MaTH OOMEXEHY pPYXJHBICThP YH BHAUMICTD
(HampuKIan, TPH HOCIHHI 3aXHCHHX  KOCTIOMIB),
po3mi3HaBaHHA MOBH TimBumlye Oesmeky. DaxiBii
MOXYTh HaJaBaTH KOMaHIM U KePyBaHHsS MaIlHAMH
Ta aBapiiHi KOMaHIW (HANIPUKIAI 3YIHHATH MAIIUHY,
IHIIIIIOBaTH  MPOTOKOJM  BHMKHEHHS), 3MCHIIYIOUH
HEOOXiZHICTh  (I3UYHOTO  KOHTAaKTy 3  TaHeIsIMH
YHOpaBIiHAA, 10 0COOJMBO KOPUCHO B HEOE3MEUHNX abo
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CTepPWJIBHUX CepelioBHIIaX. Tako 1€ KOPHCHO B
JWICTIETYCPChKUX  ad0 Ha  CTaHIIsNX  BiAJAJICHOTO
MOHITOpHHTa Ta TMOKpAllye€ MIBHIKICTh pearyBaHH:L
Cucremu 3 HMI (Human-Machine Interface) 3
BUKOPUCTaHHSIM TOJIOCY MOXYTh AKTUBYBAaTH CHIHAIH
TPUBOTH, 3allyCKaTH IMPOLECH Ta 3YMHHATH OIepallii,
KOJIM CUTYallisl MoTpeOye HeraHux aiit [7].

B poOoToTexHWIl TONOCOBI KOMaHAW MOXYTb
BHUKOPUCTOBYBATUCS JUIsl YIPaBIiHHSA poboTamMu abo Ha
CKJIQIATbHUX  JIHISAX, [I0 [JO3BOJSE  MPUCKOPHTH
NepeHajaro/KeHHs] Ta 3MEHIIUTH Yac  MpPOCTOIO.
Po3mizHaBaHHS MOBH, IHTErpoBaHe B BEpCTaTH 3
YHCIOBUM  MPOTPAMHHM  YIPaBIiHHAM  JIO3BOJISIE
orepaTropaM HaJaBaTH KOMaHAW JUIs BUKOHAHHS TOYHHX
MPOMHCIIOBUX 3aBIaHb.

IHxkeHepu, sIKi  BHKOHYIOTh  [J[IalHOCTHKY  Ta
npodinakTHyHe OOCITYyrOBYBaHHS, MOXYTh HaJaBaTH
TOJIOCOBI KOMaH[M i 300py iHopMarii, ynpaBiiHHS
JIarHOCTUYHUMH  IHCTPYMEHTAMH Ta  PEryJIOBaHHS
HaJIAIITyBaHb TNpwiaaiB. Takox, CHCTEMH TOJOCOBOTO
KepyBaHHS MOXYTh 3a0€3MeYnTH 3BOPOTHIH 3B’SI30K Ta
CHOBIIIEHHS B pPEaJIbHOMY 4aci, sKi, B CBOI 4Yepry,
MOBIJOMIISIIOTh (haxiBIiB O MPOAYKTHBHOCTI MalllMH Ta
CHUCTEM, JIOTIOMAarar04y BYaCHO YCYHYTH HECIIPABHOCTI.

3aBoaM, SKi OCHAIIEHI JATYUKAMH IPOMHUCIOBOIO
Intepuery peueit (IoT), MoxyTp KepyBaTHcs 3a
JIOTIOMOTOI0 ~ PO3Mi3HABaHHS MOBJCHHA. Hampukman,
OIepaTopd MOXKYTh KOHTPOJIOBATH TEMIEPATYpy, THCK
Ta 1HWI JadHl JATYUMKIB 34 JOIOMOTOK) TOJOCOBUX
KOMaHJ, W10 J03BOJNsAE €(EKTUBHO KOHTPOJIOBATH
JieKiibka mapaMeTpiB 0e3 ¢isnunoi yuacti. Cucremu
BUKOPHCTOBYIOTh TOJIOCOBI KOMaHIHM JIsl YIpaBIiHHS
6e3apoToBIMHU aTYNKAMHU, 3a0e3meuyoun
LIEHTpaJi30BaHe KepyBaHHSA Ta 3BOPOTHUH 3B'I30K Yy
peanbHOMY Yaci 3 pi3HUX JUISTHOK ITiIIPHEMCTBA.

SIk i Gararto mepesar, Tak i HEJIOJIIKH MalOTh CHCTEMH
TOJIOCOBOTO KEPyBaHHS:

— TPOMUCIIOBI MiJNPUEMCTBA SBJISIOTH COOOI0 LIYMHI
cepelloBUIIAa 1 Iefl IIyM MOXe 3HHM3UTH TOYHICTh
TOJIOCOBUX KOMaHJ;

— CHCTEMH pO3Mi3HABaHHSA MOBJCHHSI MOXYTb
BiJJUyBaTH CKJIAJHICTh 3 PI3HUMH aKIEHTAMU Ta BaJaMH
MOBH, TOMY TOTPIOHO BHKOPHUCTOBYBATH IIPOCYHYTI
CHCTEMH, SIKI HaBUeHlI Ha 0araTOMOBHHX Ta aKIEHTHHX
Habopax JaHuX;

— TOJOCOBE KepyBaHHA MOTpebye  HamidHHX
MeXaHi3MiB Oe3MeKH, 00 YHUKHYTH HECaHKIIIOHOBAHOTO
BTPYYaHHS B CHCTEMY YH ITiIMiHH TOJIOCY.

lonocoBe kepyBaHHS Ma€ yCHIIIHE BIPOBAKEHHS Yy
BUpOOHMIITBO. Hampukmanx, 3aBox Siemens ixrerpysas
TOJIOCOBE YIIpaBITiHHS B cBOi TIPOMHCIIOBI
poOOTOTEXHIUHI CHCTEMH, B BUPOOHHYMX KOHTPOJEPaX
Simatic  poGITHHKEH MOXYTh HagaBaTH  TOJIOCOBI
IHCTPYKII [T yIpaBIiHAS POOOTH30BAaHUMH PYKaMH Ta
IHIIUMHU MaIllMHaM{ Ha CKIIQJAJIBHUX JiHIsIX. I 11boro
(haxiBIi BHKOPHCTOBYIOTH CICHialdbHI TapHITYPH LIS
NOJaHHsA KOMaHJ, THny «B3stm mpeamer» abo
«[lepemicTuT B CTaHOBHIIE», Kepyloun podoTamu Oe3
pyuHoro BBeeHHS [8].

Bosch iaTerpyBana romocose posmizHaBaHHS JI0 CBOIX
CHCTEM KOHTpOIIO SKOCTI Ha 3aBOAAX 3 BHPOOHHMIITBA
ABTOMOOITBHUX CKJIAJIOBUX. IHCTIeKTOpH
BUKOPUCTOBYIOTh TOJIOCOBI KOMaHIM Uil  3aIyCKy
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Bi3yaJIbHUX NEPEBIPOK, JOCTYILY JI0 JAHHUX Ta peecTparii
pe3yibTaTiB, HE IepepHBalodM CBiii pobOoumii mporec.
Iacriexkrop Bosch Moxke ckazatu: «301IBIINTH AETANH 5%
abo «3apeectpyBatH nedekT B eneMeHTI 12» min gac
TIEPEBIPKN SIKOCTi, IO JIO3BOJIIE KEPyBaTH CHUCTEMOIO
nepeBipkn 0e3 JI0moMorH pyK. Tak rojlocoBe KepyBaHHS
CKOPOYYE Yac MEePEeBIpKH, MiBUINYE TOYHICTH BUSBICHHS
Je(eKTiB Ta ONTUMI3ye MPoLeC KOHTPOIIO KocTi [9].
Ford Motor Company BmopoBaauia TOJOCOBE
KepyBaHHsl /st 30ipKM Ta JiarHOCTHKH TPaHCIOPTHHX
3aco6iB.  CreriajgicTdi  BHKOPUCTOBYHOTH  Microsoft
Hololens i3 BOymoBaHMM TONOCOBHM KEpYBaHHSIM st
JOCTYIy JIO NAHWX V PEaTbHOMY Yaci IiJ Yac CKJIaJaHHS
TPAaHCIIOPTHUX 3aco0iB abo TpOBEAEHHS IIEpPEeBiIPOK
KOHTPOJIIO IKOCTi. POOITHUK Ha BUpOOHMYIN JIiHIT MOXKe
BHUKOPHCTOBYBAaTH TOJOCOBI KOMaHIW JJIsl aKTHBaIlil
IHCTpYMeHTIB, neperisiny 3D-cxeM abo mepeBipKH CTaHy
JieTaei, i Bce 1€ He 3aJIMIIaIul CBOr0 po004oro MicIis.
[epeBaramu OO MiIX0AY € OE3KOHTAKTHUN JOCTYII JI0
iH(opMarlii, miaBUIIEHA TOYHICTh 30WPaHHS CKIAJIHUX
KOMITOHEHTIB Ta MiIBUINCHA MPOAYKTUBHICTh mparii [10].

V. B3A€EMO/II51 EKCIIEPTHUX CUCTEM I

I'OJIOCOBOI'O KEPYBAHHS

EkcriepTHi cCHCTEMH Ta ['OJIOCOBE YIIPABIIHHSA MOXYTh
e(peKTUBHO  TpaloBaTH  pa3oM,  3a0e3Mnedyrouu
ormeparopaM JIOCTyHn J0 BaxiuBoi iHpopmamii Ta
JIO3BOJISIIOYM  iM  BUKOHYBaTH 3aBJaHHs IIBHJIKO Ta
3py4Ho. EkcniepTHi cucteMu 30MparoTh Ta aHATI3yHOTh
JaHi  Big  oOJajHaHHS,  BKIIOYAIOYHd  BHPOOHWYI
MOKa3HWKH, CTaH MallMH Ta BHUPOOHHWYI [HKIIH.
Oneparopu  MOXYTb  BHKOPHCTOBYBATH  T'OJOCOBI

KOMaHM, 100 3anuTyBaTH iHQOpMALi0, HANPUKIAL,
PO TOTOYHHMH CTaH oOJagHaHHsS abo peKoMeHnalil
momo0 oOcnyroByBanHs. Ha oOcCHOBI aHamizy JaHuX
eKCIepTHA CHCTeMa HaJa€ TOpaiM IIOJ0 ONTHUMI3aIil
IPOIIECiB, YCYHEHHS HECHpPaBHOCTEH a00 BHKOHAHHS
orepalliif, mo JO3BOJISE IBHUIKO pearyBaTH Ha 3MIHH Y
BUPOOHHYOMY CEpEIOBHIIIL.

[NepeBaru 1ux iHTErpaILiii:

— MBHAKMWA JocTyn 1o iHQopmamii JX03BOJISIE
oreparopaM MPUHMATH DIIICHHS HAa OCHOBI aKTyalbHHX
JaHUX, 10 CKOPOUYE Yac MPOCTOIO;

— aBTOMAaTWYHE HAJaHH]  pEKOMEHJaliil  Ta
MOXJINBICTH TOJI0COBOI B3aeEMOII1 3MEHIIYIOTh
AMOBIPHICTh  JIIOJCHKMX TIOMWJIOK, TIIOB'I3aHUX i3

BBEJICHHSIM JaHHX;
— CHCTEMH MOXYThb aJanTyBaTHCA OO 3MIH Yy
BHPOOHMYHUX MPOLECAX, JO3BOJSIOUM OIEepaTopaM JIETKO

NEepeMHUKATHCS MDK 3aBOaHHSIMH Ta  OTPHMYBAaTH
OHOBJICHHS Y PeaTbHOMY Yaci;
— HOBI  CHIBpOOITHUKM  MOXYTh  IIBHIIE

aJarnTyBaTUCS, OCKITBKHA TOJIOCOBI KOMaH/IN Ta €KCIIEPTHI
peKoOMeHaMii poOIIATh YIPABIIHHS 3pO3yMUTIIINM.

Hemomixu BOpoBapKEeHHS EKCIIEPTHUX CHUCTEM 1
TOJIOCOBOTO KEPyBaHHS:

— TIOJIO’KEHHS Ha TOJOCOBI KOMaHAW Ta EKCIEpTHI
CHCTEMH MOXXE CHPUYMHUTH TIpoOiieMH y pa3i 30010
obnamHaHHS 200 MPOTPaMHOTO 3a0e3IIEeUCHHS;

— omepaTopy MOBUHHI OyTH HaBYEHI SIK B3aEMOZISATH 3
CHCTEMOIO, TaK 1 po3yMiTH ii peKoMeHpalii, o Moxe
3alfHATH Yac Ta PecypcH;
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— {HTerparisi TAKUX CHCTEM MO)KE BUMAaraTu 3HAYHUX
IHBECTHIIH Y TEXHOJIOTIi Ta HABYaHHS MEPCOHAILY;

— X0uYa eKCIepTHI CUCTEMH MOXYTh HAJaBaTH
peKoMeHanii, BOHH MOXYThb HE 3aBXKIH BPaXOBYBATH
KOHTEKCT a00 YMOBH, IO 3MIHIOIOTHCS, Ta LIE BUMArae
JFOJICBKOTO BTPYYAHHS IS TPUHHSTTS OCTATOYHUX
pilleHb.

BnpoBamxeHus TOJIOCOBUX inTepdeiicie  Ta
SKCIIEPTHUX CHCTEM Ha BHPOOHUIITBI CTAaJO0 BaXKIHBUM
KPOKOM JI0 MiIBUIICHHSA €()EKTUBHOCTI Ta THYYKOCTI
mporeciB. Y pi3HUX KOMIaHisfX, Takux sk ABB,
Mitsubishi Electric, Rockwell Automation, KUKA Ta
Honeywell, i TexHosorii iHTeTpoBaHi y pi3Hi acleKkTd
BUPOOHMILITBA Ta ympaBiiHHA. POOITHUKH MOXYTh
BHKOPHCTOBYBATH TOJOCOBI KOMAHIM MJIS OTPUMAHHS
inpopManii mpo craH oONaAHAHHS,  YIPaBIIiHHS
pOOOTH30BaHMMH  CHCTEMaMH,  MOHITOPUHTY  Ta
JIarHOCTAKH, a TAKOX JUIsl YIPABIIHHS CKIIaJCHKUMH
nporiecaMd. EKCmepTHI CHCTeMH y [HX J0JaTKax
aHaNi3yloTh  JIaHi, HaJaloTh  peKoMeHJalii  Ta
JIOTIOMAraroTh IIBUKO PEaryBaTd Ha 3MiHH.

Ili igHOBamii TPU3BOAATH  JO  30UIBIICHHS
MPOJYKTUBHOCTI, CKOPOYEHHS Yacy Ha MPUAHATTS
pillleHb, MiABUIIEHHS OE3MeKd Ta TOYHOCTI pOOOTH, a
TaKOX TIOKPAaIIyIOTh B3a€EMOAII0 MDK OIEepaTopaMH Ta
MalllMHaAMH.

Hanpuxnan, Mitsubishi Electric 3acTocoBye royiocosi
KOMaHJ 1 [Ji1 KE€pyBaHHS pO6OTH3OBaHI/IMI/I CUCTEMAaMU
Ha  CKJamalbHUX  JiHiAX.  EkcneptHi  cuctemu
3a0e3MeuyoTh aHali3 JaHUuX IPO IPOAYKTUBHICTh, 1
IpaliBHUKA MOXYTh BrOJOC CTaBHTH 3alUTaHHA abo
BHOCUTH 3MIHM 0 mnapamerpiB pobortu. lle mixBuiye
THYYKICTh BUPOOHMITBA Ta IOKpAILy€e B3aeMOJIi MiX
oreparopamu Ta MaruHaMu [11].

Rockwell Automation iHTerpye rojocoBi TEXHOJOTIT
Y CHCTEMH YIPaBIIiHHA JUIsi MOHITOPHHTY Ta JiarHOCTHKA
obOmamHauHg. Omnepatopd MOXYTh BHKOPHUCTOBYBAaTU
TOJIOCOBI KOMaH]IU JJIsl TOCTYIY A0 iHdopMalii npo craH
MallliH Ta OTPUMYBaTH PEKOMEHJAIii BiJ{ €KCIepTHOI
CHUCTEMU JJIs1 YCYHEHHs HecnpaBHocTel. Lle npu3BoauTh
JO CKOPOYCHHS 4acy Ha [IarHOCTHKY Ta IOKpalleHHS
Oe3reku Ha BUPOOHUIITBI.

KUKA  BHUKOpPHCTOBYE  TOJIOCOBE  KEepyBaHHS
B3aemoAii 3 pobOTaMH y BHUPOOHMYHUX IpoOIEecax.
ExcriepTHi cucTeMH aHaNi3ylOTh 3aBAaHHS Ta MOXYTh
3aMpOIOHYBAaTH HAWE(PEeKTUBHINI [UIAXH BUKOHAHHS
omepamid, a omepatopd KepyroTh poOoTamu  3a
JOIIOMOTOI0  TOJIOCOBHX  KOMaHlI. B pesynbraTi
30UTBIIYETHCS TOYHICTD POOOTH Ta CKOPOUYETHCS HacCy
HaBYaHHS HOBUX CITiBpOOiTHHKIB [12].

V. BUCHOBKHA

IuTerpamisi eKCHEPTHUX CHCTEM Ta TOJOCOBOTO
YVOpaBIiHHA Ha BUPOOHWIITBI IIPOMOHYE 037U IepeBar,
BKITIOYArOUM 30UTbIIeHHS e()eKTUBHOCTI, MOKPAICHHS
Oesnmekd Ta 3HWKEHHS ToMmiIok. OmHak  ciix
BpPaxOBYBAaTH 1 TOTEHIIHI HEJONIKH, TaKi SIK 3aJI€KHICTH
BiJl TEXHOJIOTII Ta CKJIQJHOCTI HAaBYAaHHSA. 3 MPaBHIHLHUM
MiIXOIOM Ta BIPOBAKCHHSAM IIi CHCTEMH MOXYTh
3HAYHO TIOKPAIIUTH BHPOOHWYI TIpoImecH Ta pobode
cepenosumie. [HTepdelicH TONOCOBOTO  KEpyBaHHSA
JTO3BOJISIIOTH OMEPAaTOpaM B3AEMOJMISITH 3 CHCTEMaMH 32
JIOTIOMOTOI0 KOMaH/I MPUPOTHEOI0 MOBOIO. Lle monermrye
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poboty 0e3 IOMOMOTH pPYK, IO OCOOIMBO KOPHCHO B
cepeloBUINIAX, J€ py4YHE BBEACHHS YCKIIQ/JHEHE.
ExcrieptHi cuctemMum MOXYTh aHali3yBaTH JaHi 3
oOmajHaHHS Yy peaJbHOMY 4Yaci Ta IIPONOHYBATH
KOHKpeTHI nii (HampuKiaj, peryiIioBaHHsS, €Talu
obciyroByBanHst).  OmepaTtopu  MOXYTb  MHUTTEBO
BHKOHYBATH I[i pEKOMEH/IAIlii 32 JIOMTOMOTOI0 TOJIOCOBHX
KOMaHJ, 110 3MEHIIy€ 3aTPUMKH, TIOB'S3aHI 3 PyYHHM
BBEJICHHSIM.

CuHeprisi  eKCIIEpTHUX CHUCTEM TOJIOCOBOTO
KepyBaHHs MIPU3BOTUTH JI0 TOJIIIIEHHS
MIPOYKTUBHOCTI, THYYKOCTI Ta HaJAilfHOCTI BUPOOHHYHMX
TMIPOLIECIB, TO3BOJISIOYH ITiJIIPHEMCTBAM aJIalTyBaTUCS JI0
YMOB pHHKY, IO IIBUJAKO 3MIHIOIOTHCS, 1 BHMOTaM
KJIIEHTIB.

Po3BuTox ManmuHoro HaB4aHHA Ta LI moxpaunmrs
TOYHICTh peKoMeHaaItii EKCIePTHUX CHCTEM,
JO3BOJISIIOYM M ajanTyBaTHCs 10  crenudiku
BUPOOHHYMX IPOIIECIB Ta TepeBar oneparopis. ['onocosi
iHTepdelich  cTaBaTUMyTh  BCE  IHTYiTHBHIIINMH,
BKIIIOYAIOYM MIATPUMKY KIJIbKOX MOB Ta akIEHTIB, IO
CHPOCTUTH B3aEMO/IIIO /ISl OaraToHalioHaJTbHUX KOMaH/I.
Y MaiiOyTHBOMY MH MOXEMO OYiKyBaTH IIMPILIO]
aBTOMaru3ailii BUPOOHMYMX MPOIECIB, i€ TOJOCOBI
KOMaH/M OyIyTh BHUKOPUCTOBYBATHCS sl YIPaBIIHHS
ABTOHOMHHMH CHCTEMaMH, IO IiABUIIUTH e(HEeKTHBHICT

Ta

Ta 3MEHUMTh MOTpeOy B JIOACHKOMY BTPYYaHHi.
[HTEerpallisi TOJOCOBMX TEXHOJIOTIH y HaBYaHHS HOBHX
CHIBPOOITHHKIB ~ CTaHE  CTaHOAPTOM,  JTO3BOJISIOYH
MPUCKOPUTH  TIpOLleC  ajanTamii Ta  IiJABUILEHHS
kBayidikamii. Y pe3ynbTaTi KOMOIHAIS EKCIEePTHUX
CHUCTEM Ta TOJIOCOBOTO  YIPABJIIHHS MPOJOBKHUTH
TpaHc(OpMYyBaTH BHPOOHUYI MPOLIECH, CTBOPIOIOYU

Ounbin eexTHBHI, Oe3neuHl Ta aJanTWBHI BUPOOHHUI
Cepe/IOBHIIIA.
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https://www.kuka.com/en-se/company/press/news/2018/08/kuka-zeigt-premieren-auf-der-ciif-2018
https://www.kuka.com/en-se/company/press/news/2018/08/kuka-zeigt-premieren-auf-der-ciif-2018
https://www.kuka.com/en-se/company/press/news/2018/08/kuka-zeigt-premieren-auf-der-ciif-2018
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[HHOBAIIMHUM MIAX1J 0 Bl3yaji3aili: po3poOka
aBTOMAaTU30BAHOTO MOAYJIS JJ1s1 300py, OOpOOKH Ta
30€pEeKEHHS MOTOYHUX JaHUX

AHTOH [IanbpKOB
Kadenpa KITAP, Xapkischkuii HationanbHuii yHiBepeureT pafioenektponiku YKPATHA,
61166, Xapkis, np. Hayku 14., email: anton.pankov@nure.ua

Anomauia: Jlama po0OTa TPONMOHYE HOBHH MiXia g0
PO3POOKH aBTOMATH30BAHOTO MOYJIS [isi epeKTHBHOrO 300Dy,
00pOOKH Ta 30epeKEHHS MOTOYHUX JTAaHUX 3 METOK CTBOPCHHS
3pYYHOrO IHCTPYMEHTY M iX Bi3yamizamii. 3acTocyBaHHS
IHHOBAIIfHIX TEXHOJIOTiii Ta METOIB aHali3y J03BOJISIE
BUPIIINATH TIpoOIIeMH, TOB'sI3aHi 3 HEOTHOPIAHICTIO Ta 00CsITOM
JaHKX, [0 OOpOOJIAIOTECS, Ta HAJae 3pydHHil iHTEepdeic st
e(eKTUBHOI B3a€EMOJIii KOPHCTyBaya.

Kntouosi cnoea: aBTOMaTH30BaHWH MOJyNb, 30ip HaHUX,
00poOKka JaHuX, Bi3yasi3amis, iHHOBAIi.

I. BCTVII
B cyuacHoMy cBITI 0OCST HaHuX, sIKi NOTPeOYIOTh
00poOku Ta aHamizy, 3HayHo 3pic. EdekrtuBHa

Bidyanmizalis [JaHUX CTaja KJIIOYOBUM AacleKTOM Yy
npoleci NpUHHATTS pilleHb sK y Oi3Heci, Tak 1 B
HAYKOBUX JOCHIDKEHHsX. [IpoTe TpamuiiiHi MeTOmu
00poOKkH Ta Bizyasizalii JaHUX Y4acTO HE CIPABIISIOTHCS 3
Cy4YaCHUMHU BHKJIHMKAaMH, II[0 CTBOPIOE HEOOXIJHICTH Y
po3po0Lli HOBUX IHHOBAIIMHUX pillleHb. 3 TOSBOIO
Beiukux ganux (Big Data) 3pocia morpeba y
BHUCOKOC(PEKTHUBHUX IHCTPYMEHTax st 1X OOpoOku Ta
Bizyauizaiii. ABToMaTH3allis mpoleciB 300py Ta aHamizy
JAaHUX JO3BOJISIE 3HAYHO MIJABUIIMTH e(EeKTHBHICTh
poOOTH aHAaNITUYHMUX BIJJIUIIB Ta YHUKHYTH JIIOJCHKUX
NOMMJIOK, II0 YacTO BHHUKAIOTh INPU BHUKOPHUCTAHHI
TPAJULIHHUX METOIIB.

ABTOMaTHU30BaHUN MOIYJb JJsl 300py, 0OpoOKM Ta
30epexeHHs IMOTOYHUX JaHUX e mporpaMHe
pilIeHHs, SKe MO3BOJIIE aBTOMATH3YBATH BECh LUKII
pobotu 3 iHdopmarii€to, TounHaO4YM Bif i1 300py 3
PI3HHX JDKEpel 1 3aKiHuyIo4d 30epiraHHsIM Yy 3pyYHOMY
Ui mojanbioi  00poOku  ¢dopmati. Takuit Momynb
JO3BOJISIE CKOPOTUTH dYac 1 3yCHWIUIS, HEOOXimHi I
00pOOKH BENMMKHX OOCATIB HaHUX, IiABUITYIOYH TOYHICTh
i HamiiiHiCTh OTPUMAHHUX pe3y/bTaTiB. Moro po3pobka €
BXJIMBUM KPOKOM Yy BHUPIIICHHI CYYaCHHUX BHUKIHKIB,
IIOB’S3aHMX 13 BEJMKHUMHU JIAHWMH, Ta  CIPHSE
MiJBUIICHHIO e()eKTUBHOCTI Bi3yamzalii Ta aHamizy
iHbOopMaIIii.

I1. 3bIP, OBPOBKA TA 3BEPEXEHHS

JAHUX
Mopnysi pOro THITy € KOMIUIEKCHOK CHCTEMOIO, sKa
BUKOHY€ Kilbka BaXXJIMBHX eTamiB  poboth 3

indopmamiero. Lei miaxim T03BOJISE MaKCHMAIIBHO
e(eKTUBHO 00poOIATH BenmKi obcarm iHdopmarii, mo
HaIXOIUTh 13 PI3HUX JpKeperd, Ta 3ade3nmedyBaTd ii
30epexeHHs y 3pydHOMy GopMaTi IS TOHabIIOTo
aHaji3y Ta Bi3yauizarii.

Moayab MOXXe OTPUMYBATH JaHi 3 Pi3HUX JDKEpen y
pexuMi  peambHOr0  Yacy, BHKOPHCTOBYIOUH  SIK
TpaJuIliiiHI, TaK i cy4acHi MeToau 300py iHdopmarii [1].
Hampuknazn, B ra3oBiii MpOMHCIOBOCTI aBTOMaTH30BaHi
Momymi  iHterpyroThesi 3 loT-cencopamu  [2],
BCTaHOBICHUMH Ha TpyOOMpoBOIaXx, ra30BUX
CBEpIUTOBHHAX a00 KOMIIpecopHUX ctaHIfisx. L{i ceHcopu
BUMIPIOIOTh KPHTW4YHI TapaMeTpu, Taki SK THCK,
TEeMIlepaTypa, BUTpaTa rasdy, piBeHb BOJOT'OCTI, CKJal
rasy TOLIO. 3aBASKH IIbOMY MOJIYJb IOCTIIHO OTpHUMYeE
OHOBJICHHSI TMPO CTaH CHCTEMH, IO JIO3BOJIIE MUTTEBO
pearyBaTd Ha MOXKIIMBI BiZIXHJICHHS Bl HOPMH, BUSIBIISITH
MOTEHIIFHI PU3UKH Ta 3aro0iraty aBapisM. Taxuii miaxia
3MEHIIIye HEOOXIHICTh PYYHOIO BTPYYaHHS, a TaKOX
3abe3rneuyye Oe3MepepBHICTh 1 TOYHICTH MOHITOPHHIY
HAaBIiTh y BaXXKOJOCTYIHHX a00 HeOe3MeuHuX Jyis JTIoAei
MICIISIX.

Kpim Toro, Moy MOXyTh OTpUMYBaTH iH(MOPMAIIifO
3 PpI3HOMaHITHHX CHCTEM KepyBaHHA Ta 0a3 JaHuX
MiANPUEMCTBA. Hanpuknan, CUCTEMU SCADA
(Supervisory Control and Data Acquisition) 103BOJSIOTH
BIJICTEXKYBaTH Ta KOHTPOIOBATH POMHCIIOBI MIPOLIECH, a
TaKoX 30UpaTH JaHl 3 PI3HUX TEXHIYHUX OO’€KTIB Ta
o0JiaIHaHHSL. i CHCTEMH IHTEIPYIOTBCS 3
aBTOMAaTH30BaHUMHU MOAYJISIMH 11l 300py JaHHX, IO Ja€
3MOT'y IPOBOJIMTH TIOBHUI aHaJIi3 MPOIECIB Y PEATbHOMY
yaci Ta MiATPUMYBATH CTaOUIbHY poboty
iH(ppacTpyKTypH.

BaxumBuM acnekToM € 30ip JaHUX 13 30BHILIHIX
Jokepen. Jlns  Oi3Hec-aHANITHKH, HANPHUKIAA, JaHi
MOXYTh HanaxoauTH Big APl cTopoHHIX cepBiciB, Takux
gk couianbHi mepexi abo CRM-cucremu. OpHuMm i3
MOLIMPEHUX MPHUKIAIIB € 30ip iHpopMmarii 3 BeO-cailTiB
yepe3 API takux mardopm, sik Twitter, Facebook a6o
Google Analytics. Moaynb aBTOMATHYHO OTPHUMYE
MOTOKU [TaHWX, aHANI3YIOUd IOBEOIHKY KOpPHUCTYBAUiB,
BITOI00AHHS, 3BOPOTHHI 3B’S30K a0 TeHHAeHIil Ha
puaKy. Hampukiam, mnsd MapKeTHHTOBHX KaMIIaHIH
aBTOMATH30BaHWN 30ip [aHWX [O3BOJSE  IIBHIKO
OIIIHIOBATH PiBEHH B3AEMOIi 3 KIIieHTaMu abo pearyBaTu
Ha 3MiHH y BIIOJI00AHHSIX ayIUTOPIl.

30ip maHWUX BHKOHYETHCS 32 JIOIOMOTOIO TEXHOJIOTIH
MMOTOKOBOI Tepenayi gaHuX, Takux sk Apache [3] Kafka,
RabbitMQ abo MQTT, mo 3abesnedye MiHIMaIbHI
3aTPUMKH TIPH Tiepenadi iHGopMarii MK pKeperaMu Ta
Momymsmu.  Lli  cucTeMH — MiATPUMYIOTH — BHCOKY
MIPOMYCKHY 3AaTHICTD, 3/IaTHI 0OpOOIATH BEeIMKi 00CATH
MaHUX 1 3a0e3medyroTh MBHIAKY Nepenady iHdopmarii
JUIL HETaHOTO BUKOPHUCTAHHS y TIporieci oOpoOKH Ta
aHamizy. Takwmil mMiAXix KO3BONISE MIiANIPUEMCTBAM HE
TUTBKM ~ CBOEYACHO  OTpPUMYBaTH  JaHi, a H
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BHUKOPHCTOBYBATH X JJIsI HIBUIKOTO NPHHHSTTS pillleHb,
TJBAIIYI0OUH €(DEeKTUBHICTH Oi3HEC-TTPOLIECIB.

[licnss oTpuMaHHS JaHMX TOYMHAETBCS €Tam  iX
00poOKH, sKMi BKIIIOYae Kirbka piBHIB. CroyaTKy naHi
OUMINYyIOThCS Bix '"mymy", ToOTO Bin 3aiiBoi abo
romKkopKeHoi indopmarnii. Hampuxnan, mpu 300pi qaHux
3 CEHCOpIiB, IO BHMIPIOIOTh MOTOJHI YMOBH, MOXYTb
OyTH IPUCYTHI HEKOPEKTHI TOKa3HUKH, 3yMOBJIEHI 300€M
y Tmepemavi abo HecmpaBHiCTIO ceHcopa. Ili  mawi
BIJICIFOFOTRCS ITiJT 4ac 0OpOOKH.

HactymauM KpokoM € HopMamizamiss JaHux. Y
BUNAAKy 3 JAaHUMH IIPO TOTOAHI YMOBH, ITOKa3HHKU
TEMIIepaTypu MOXYTh OYyTH TIpelCTaBlIeHI y pi3HUX
omunuiix BuMipy (Lensciit abo ®apenreiit). Moayis
ABTOMAaTU4HO MPHBOAUTH YCi JIaHi 0 €JuHOrO (hopMaTy
JUISL TIOAAJBLIOr0 aHaji3y. AHaNOriyHo, B CHCTEMax
Oi3Hec-aHAITHKK, Takl gaHi K IIHM abo o0csaru
MPO/IAXIB MOXYTh HAaJIXOIUTH Yy PI3HMX BaioTax abo
¢dopmarax, TOMy IiX TakoX IOTPIOHO MPHUBOIUTH MO
€JIMHOTO CTaHJAPTy.

Just Ol CKIAJHMX 3aBlaHb MOJIYJNI MOXYTb
BHUKOPHCTOBYBATH aJITOPUTMH MAIIMHHOTO HaBYaHHS abo
mTydHoro inrenekty [4]. Hanpuknan, y QinancoBomy
aHaJi31 aBTOMAaTU30BaHI MOl MOXYTh 11eHTH(IKyBaTH
aHOMaJbHI TpaH3aKIii, [0 MOXYTh CBIAYUTH TPO
maxpancTBo, abo TNPOTHO3yBaTH TPEHAM Ha OCHOBI
ICTOPUYHMX JaHUX. IHIIMHA TpUKIaa 06polOka
MEIMYHUX JaHHUX, A€ MOJYJ MOXYTh aBTOMAaTHYHO

AHANI3yBaTH  CNICKTPOKAPIIOrpaMH  Ta  BHSBIIATH
MOTEHLIIHI PU3UKH JUIs 3JI0POB’ Sl MAIIIEHTIB.
Monyns  3abe3nedye  Oe3nepepBHE  30epeKeHH:I

3i0paHnX JAHUX Y XMapHUX YH JOKAJIBHHUX CXOBHIIAX,
3aJIeKHO BiJl TOTPEeO KOpUCTYyBaya. BaXxkmBOw0O 4acTHHOIO
nporiecy € 3abe3rnedyeHHs HaAiHHOCTI Ta Oe3NeKu NaHuX,
IO BKJIFOYAE PETYISIPHE PE3CPBHE KOMIIOBAHHS, 8 TAKOXK
MIATPUMKY pi3HHX (PopMaTiB 30epiraHHs st 3py4HOCTI
[OAIIBIIIOTO BUKOPHCTaHHSL. Takox Cy4acHi
ABTOMAaTU30BaHI  MOAYN  JIETKO  IHTETPYIOThCS 3
IHCTpyYMEHTaMHu JiIsl Bidyawi3aiii JaHuX, IO J03BOJISIE
0e3repepBHO MOHITOPUTH PE3yJIbTaTH Ta MPEACTABIISTH
ix y 3po3yminiomy rpadidHomy dopmati. Momyib TaAKOX

3abe3nevyye  pealibHy  aBTOMATH3allil0  MPOILECIB,
3HIDKYIOYM ~ BTpYYaHHS JIIOAMHA T4  ITiJBHILYIOYN
MIPOIYKTUBHICTb.

Ha erami  30epexeHHss  Momynb  3a0e3rneuye

CTPYKTYpYBaHHS Ta apXiByBaHHS JaHHX Y JIOKAJIbHHX
abo xmapHuUX cxoBumax. Hampukman, 3i0pani maHi
MOXYTh OyTH 30epexeHi y ¢opmarax, Takux sk CSV,
JSON a6o SQL-6a3wu, 10 A03BOJISE JIETKO IHTETPYBATH iX
3 IHIIMMHU CHCTEMaMH IS TIOAAJBIIOTO aHaji3y. XMapHi
pimmenns, taki sk AWS abo Google Cloud, no3BomnstoTs
30epiraT BenHMUe3HI OOCSTH JAaHUX 3 MOXKIHBICTIO
LIBHUJIKOTO JIOCTYITY JIO HUX Y OY/b-sKHUii Yac.

BaxxymBuM acmekToM € 3a0e3leueHHsT Oe3leKd Ta
HaIMHOCTI 30epeKeHHS JTaHNX. Momymi
BUKOPHCTOBYIOTh HIM(PYBAHHS JUIsl 3aXUCTY JaHUX MPU
mepenadi Ta 30epeKeHHI, a TAKOXK Pe3epBHE KOMIIOBAHHS
JUIA BiJHOBJIEHHS y pa3i BTpaTH a00 IOIIKOIKCHHS
iH(dopmarii. Takoxx  mepenbaueHa  MOXKIMBICTH
HANAIITYBaHHS  OpaB  JOCTymy, IO  JIO3BOJISIE
KOHTPOITIOBATH, XTO MOXE pelaryBaTH, eperisiaTa abo
3aBaHTAXyBaTH JaHi.
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1. BI3YAJIIBALIA JAHUX

CydacHi mporpamHi pilieHHs IS Bi3yawizamii JaHuX
MIPOTIOHYIOTh IIMPOKHH HAOlp IHCTPYMEHTIB, sIKi Jar0Th
3MOry e(eKTHBHO TEpETBOPIOBATH CKJIaJHI MAacHBH
inpopmamii 'y 3po3ymimi rpadiuni  Qopmm  [5].
Haiinonynsapuimni miatgopmu, Taki sk Tableau, Power
Bl, D3.js abo Grafana, m103BONSIOTh JIETKO IHTErpyBaTH
3i0paHi aaHi 3 6a3aMu Ta aBTOMAaTU30BaHIUMU MOJYJISIMH,
HANAlOYd  KOPUCTYyBauaM  MOXJIMBICTh ~ MHUTTEBO
OTPUMYBaTH aHAJITUYHI pPE3YNbTaTH Yy 3PO3YMIJIOMY
Burisni. Hampuknan, y  rasoBiii  mpoMHCIIOBOCTI
Bi3yaizaiiss MOXE JOITOMAaraTtd BimoOpakaTH Ha KapTi
MicIsl BUTOKIB 200 MpoOJIeMHI AUISHKH TpyOOIpOBOIIB,
I0 JO03BOJISIE ONEPAaTHBHO JIOKANi3yBaTH NpodiiemMy i
NPUHHATH pPIIIEHHS MO0 peMOHTy abo 3aMiHu
obnagHaHHA.  [HTepakTuBHI ~ jamiOoOpaM  HaJIaroOTh
MOXJIMBICTh KOPHUCTYBauaM HANAIITOBYBATH MapamMeTpu
¢inpTpiB a00 3MIHIOBaTH YacoBi Mepioau, MO J03BOJISIE
THYYKO aHaJIi3yBaTH JaHi Yy pealbHOMY Yaci.

BaxmBor 0COOMMBICTIO CydacHOi Bi3yamizamii €
3/IaTHICTH HE JIMIIE TIPEJICTABUTH JaHi, ajle i poOHUTH e y
3pO3yMiUIMH Ta IHTYITUBHHH cmoci0, IO IoJerurye
NPUIHATTS pillleHh Ha PI3HUX PIBHAX YHpPaBIiHHSL
Hampukian, KepiBHUKM MiANPUEMCTB a00 iHXEHEpH
MOXYTh IIBUJKO OIIHUTH €(QEeKTHUBHICTH POOOTH
CUCTEeMHM, TIOpDIBHIOIOYM JaHi 3a Ppi3HI nOepioaw,
iIeHTH(]IKYIOUM KIIOYOBI TPEHAW Ta  BiAXWIICHHSL.
Bisyanmizamis Takok [JOIOMAara€ 30CEpeauTHCS Ha
KPUTHYHUX IHIAKATOpaX, II0 Ja€ 3MOTY BHUSBIISATH
MOTEHIIiiHI mpobneMu a0 iXx BuHUKHEHHS. Tak, 3a
JIOTIOMOTOI0 ~ aHaji3y ICTOPHYHHMX JIAaHUX, MOXKHA
MPOTHO3YBATH HEOOXI1IHICTh TEXHIYHOTO
o0CITyroByBaHHs O0OJaJHAHHSA, IO 3HIDKYE PU3UKU
Herepen0auyBaHUX IIOJIOMOK 1 ONTUMI3y€E BHTPaTH Ha
PEMOHT.

OpHi€r0 3 TOJNIOBHUX 1HHOBaLil y cdepi Bizyamizaiii €
iHTerpaiis ejaeMeHTiB mry4yHoro inrenekty (II), mio

JIO3BOJISIE  3HAYHO MIJBUIIMTH SIKICTh aHai3y Ta
inTeprnperanii  gaHux.  Bukopucramns Il mis
Bisyamizamii ~ BiAKpHBAa€  HOBI  MOXJIHMBOCTI Y

MPOTHO3yBaHHI, aBTOMATH3allil aHaji3y Ta BUSBICHHI
aHomaniii [4]. Hanpukiaa, 3a JOMOMOrO0 METOIB
MAIMHHOTO HAaBYAaHHS, MOXIYJI MOXXYTb aBTOMATHYHO
aHai3yBaTH BEJNMKI MacWBU [JAHUX 1 BHSIBISITH
MIPUXOBaHI 3aKOHOMIPHOCTI, SIKi BaXXKO a00 HEMOXKIIHBO
BUSABUTH BpyuHy. Lle 0cOOIMBO KOPHUCHO IS Taimy3ei, 1e
o0csATH JaHMX BENMYE3Hi, SIK y Ta30Biil MPOMHCIOBOCTI,
ne cercopu Ta iHmm loT-mpucTpoi mOCTIHHO TeHepYIOTh
MOTOKH iH(OpMAITii.

T Takox MOKE aBTOMAaTU3yBaTH IPOLIEC CTBOPEHHS
Bi3yauizamiii, poOistau X OLIBII aAalITHBHUME 0 ITOTped
KopHucTyBada. Hampukman, B cucTeMax —yIpaBIiHHS
MOKHA BHKOPHCTOBYBaTH AJITOPUTMHU UL
aBTOMATHYHOTO CTBOPEHHS iHAMBIMyalTbHUX AAIIOOPIiB,
AKi OymyTh BimoOpa’kaTh HAHOLTBIN BaXKIIMBI MOKA3HUKH
B pexumi  peanpHoro dacy. lle  mosBoise
MIEPCOHANI3YBATH aHANI3 IS PI3HUX BiITIB KOMIIAHIi,
3a0e3medyoun  KOKHOTO KOPHCTyBada JIMAIIE TI€O
iHpopmariero, sfka WoMy TMOTpiOHA I TPUHHATTS
e(heKTUBHUX PillIeHb.

IaTepakTrBHI MIaTdopMu, IO IHTETPYIOTH TEXHOJIOTIT
III, TakoX MOXYyTh BHKOPHCTOBYBATH pPO3IIUPEHY

M&MS 2024, 25-26 October, Kharkiv, Ukraine



AQHANIITUKY JUIS TIATOTOBKM PEKOMCH[AIli Ha OCHOBI
3i0paHnx maHux. Hampukmaz, cucrema MoXKe HE JIMIIE
BUSIBUTH IOTEHIIIHHI MPOOJIeMH y TPyOOIPOBOIL, aie i
3allpOIIOHYBATH KOHKPETHI KPOKM JUIsl  BHPIIICHHS
cuTyanii, BAKOPUCTOBYIOUH ICTOPUYHI JJaHi, TPOTHO3M Ta
aHayiTiuHi Mozerni. Lle cyTTeBO 3HMIKYE HaBaHTAa)KEHHS
Ha [IePCOHAJI 1 MOKpAIy€e TOYHICTh IPUHHATTS PillIeHb.

IV. IIEPEBAT'U TA HEJOJIIKA

ABTOMAaTH30BaHI MOJIyTI It 300py, OOpoOKH Ta
30epekeHHsT JaHUX CTald BaXIMBUM  €JIEMEHTOM
CyJacHMX  MiANPHEMCTB  3aBASKH  IX  3IaTHOCTI
MOKpaIyBaTd €(peKTUBHICTh YIpaBIiHHS iH(OpMaIi€ero.
OnHak, sk 1 Oyab-siKi IHHOBAIiffHI TEXHOJIOTII, BOHHU
MaroTh CBOi mepeBard Ta TeBHI BuKIHkH. OIiHKa
CHJIBHHX Ta CJIA0KMX CTOPIH JOMOMOXKE Kpallie 3p0o3yMiTh
IXHIO LIHHICTH AJIS Pi3HUX cep JiSUTBHOCTI.

ABTOMAaTH30BaHI MOJYJIi MAIOTh PsiJl IEPEBar:

— IlIBumkicte 00poOkM gaHux: Momymi 3aaTHI
MPAIIOBATH B PEXHMi peajbHOr0 4Yacy, L0 J03BOJISIE
MOMEHTAJIFHO OTPUMYBaTH iH(OpMAIIiI0 Ta pearyBaTH Ha
3MIHM B Tpolecax, 3amo0iraroud amapisM  abo
ONTHMI3yI04H POOOTY.

—  3HWXEHHs JIOJChKOro (akTopy: ABTOMAaTH3aIlis
MiHIMI3ye moTpedy B py4Hili 00poOui maHux,
3MEHIITYIOYH PU3HK JIFOJICHKUX MOMHUIIOK Ta i IBHIILYOUYN
3arajbHy TOYHICTb 1 HAJIHHICTh pOOOTH CHCTEM.

— IHrerpanis 3 iHIIUMU cucTeMamu: Moy Jierko
iHTerpytoThcs 3 icHyrounmu loT-cucremamu, Oa3amu
nanux, CRM Tta ERP-mardpopmamu, 1o mo3Bossie
TITPUEMCTBAM TIPAIIOBATH B €JJMHII €KOCUCTEMI.

— Onrumizauis pecypciB: ABTOMaTH30BaHi MPOLIECH
J03BOJIAIOTH EKOHOMUTH 4Yac Ta JIOJICBKI PEecypcH,
3MEHIIYIOYH IOTpedy y pyuHid o0poOui gaHux i
MiJIBULIYIOYH 3arajbHy IPOIYKTHBHICTh KOMIIaHIl.

— IligBumenHs edexTuBHOCTI aHamizy: Momyii
3a0e3rnevyloTh MOCTiiHMI 30ip Ta aHaji3 BEIMKUX
o0CsriB  JaHWX, IO JIO3BOJIIE OTPUMYBATH LIHHY

iHpopMmaliro s Oi3Hec-pilleHb 1  CTPATETriYHOTO
[UTAHYBaHHSI.

OqHaK, € 1 IeBHI BUKJIMKHU Ta HEJOJIKH:

— Bucoka BapricTh BrpoBajpKeHHS: [louaTkoBi

BUTPaTH HA BCTAHOBICHHS MOIYJIIB MOXYTb OyTH
3HAYHUMHU, OCOOJMBO MJsl BEJMKHX IMIANPUEMCTB 13
pO3raTy>KeHIMH MEpPeXKaMU CEHCOPIB Ta JUKEPeJT TaHHX.

— CxiagHiCTh HANAIITYBaHHS Ta OOCITyTOBYBaHHS:
[HTerpatis MOAYIIB 3 ICHYIOUMMH CHCTEMaMH MOXKe OyTH
TEXHIYHO CKIAJHOI0 Ta BUMAaraTH KBalliiKOBaHUX
¢daxiBIiB JUIs  IXHBOI MIATPUMKH, IO IMiJIBUIIYE
oTeparriifHi BUTPATH.

— 3aNexHiCTh BiJ CTaOUTFHOTO IHTEPHET-3'€JHAHHS:
Y Bumagkax TOTaHOTO 3'€qHAHHS a0o0 BIICYTHOCTI
JOCTYITY IO MEpeXi MO)kKe BUHHKATH 3aTpUMKa B 300pi Ta
00po0mi JaHWX, MO BIDIMBa€E HAa TOYHICTH Ta
CBOEYACHICTh MPHHHATTS PIlICHB.

— MoxmBicTe TexHIYHHX 300iB: Xoua MOy
CTBOpEHi sl HaAiHOI poOOTH, ICHY€E PH3HUK TEXHITHIX
3001B 200 TOMHIIOK TPOTPAMHOTO 3a0e3MedeHHs, IO
MOJKe BIUIMHYTH Ha Oe3mepeliiftHy poOoTy cucteMu.

3arajom, aBTOMATH30BaHI MOy € TOTYXHUM
IHCTpYMEHTOM /ISl TIOKpAIIEHHS MPOJYKTUBHOCTI Ta
e(eKTUBHOCTI IIANPHUEMCTB, aje iX BIPOBA/KEHHS Ta
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eKCIUTyaTallisi moTpeOyoTh PETENbHOrO IIaHYBaHHS Ta
pecypcis.

V. BUCHOBKHA

Y nmaHoMy MaTepiaji IpOBEAEHO aHaTi3 aKTyaJbHOCTI
pO3pOOKM  aBTOMAaTH30BaHUX MOAYJIB st 300py,
00poOKHM Ta 30epekeHHS IMOTOYHHX JaHUX, a TaKOX
PO3TIITHYTO OCHOBHI €Tamnu iXHbOi poOOTH, BKIIOYAIOUN
MOXJIMBOCTI Bisyamizarii manux. OkpiM 1poro, Oyio
JIOCTIDKCHO TIepeBard 1 HEJOMIKM TaKHX CHCTEM, IO
JIO3BOJISIE Kpallle 3pO3YyMITH IXHE Miclle y CydYacHHX
Oi3Hec-TIporecax.

Ha ocHoBi mpoBeneHoro aHaiizy MOXXHa 3poOWTH
BHUCHOBOK, III0 aBTOMAaTH30BaHI MOMAYJi BiAirparoTh
KJIFOUOBY pOJIb Y TIIBHILIECHHI €()eKTHBHOCTI YIpaBIIiHHS
JIAaHUMH, 3a0€3Medyroun BUIKUNA A0CTYI 10 iH(opmartii
y peaJbHOMY Yaci Ta MOKPALIyIOUW IMPOIeC MPHUAHATTS
pimerb. OIHAaK BaXXITMBO BPaxOBYBAaTH II€BHI BHKIIMKH,
Taki SK BMCOKa BapTiCTh BIPOBA/DKEHHS Ta CKIIAJHICTh
TEXHIYHOTO OOCIyroByBaHHS, SIKI MOXYTb BHMAaraTu
JIOZIATKOBHUX PECYPCiB sl IXHBOI ONTHMaJILHOT pOOOTH.
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AHa13 ICHYIOYMX METO/IB IMATPUMKHN IPUNHATTS

pILIEHB Yy BIAJAICHOMY YIIPABI1HHI BUPOOHUIITBOM
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Anomauyin:  JIoCHiJDKEHHS  TPHUCBSYCHO  aHAII3Y
Cy4acHHMX METOJIB MIATPUMKH TPUHHATTS pillleHb Yy
BiJUIaNIEHOMY YIIpaBIliHHI BHUPOOHHULTBOM. Po3risHyTO
EKCIICPTHI CUCTEMH, METOM aHaji3y JaHuX, iMiTalliiiHe
MOJIEJIIOBAHHS, CHCTEMH Ha OCHOBI HEYITKOI JIOIKU Ta
LITy4YHOTO  IHTEJeKTy. Bu3HayeHo mepeBarm Ta
OOMEXEeHHsST ~ KO)KHOTO  IJIXOJY. OOrpyHTOBaHO
e(EeKTUBHICTh TiIOPUIHUX CHCTEM, LIO MOEJHYIOTH Pi3HI
MeToau. OKpeclieHO NEpCIEeKTHBH PO3BHTKY CHCTEM
HIATPUMKH TPUAHSTTS PillleHb Y KOHTEKCTI nugpoizamii
BupoOHuLTBa Ta [HAYCTPIi 4.0.

Kniouosi cnosa: BiJasieHe YIIPaBJIiHHS
BUPOOHUIITBOM, CUCTEMH ITiITPUMKH NPUHHSATTS PillIeHb,
IITYYHUH  IHTENEKT,  BEJNMKI  JaHi,  iMiTaliiiHe
MOJICJIFOBAHHs, HEUiTKa JIOTiKa, CKCIEPTHI CHUCTEMH,
riOpuaHI CHCTEMHU.

. BCcTvin

B ymoBax mmoGaimizamii Ta nugpoBizaiii eKOHOMIKH
BiJyIaJieHe YIPAaBIiHHS BHPOOHUIITBOM CTa€ JieJaii
aKTyaJlpHIIIMM. BOHO Jae 3MoOry  OnTHMi3yBaTu
BUPOOHUYI MPOIECH, 3HIKYBATH BUTPATH 1 i IBUIIyBaTH
e(eKTUBHICT, MiANpUEMCTB. KIlOWOBHM eleMEeHTOM
TaKOTO YIPABIIHHS € CHCTEMU MiATPUMKH HPHAHSATTS
piwens (CIIIIP), mio 3abe3nedyloTh KEpIBHUKIB 1
¢daxiBIiB HEOOXiMHOW I1HGOPMAIE Uil yXBalCHHS
00rpyHTOBaHMX pimeHs [1].

MeTor0 [bOro AOCIIKEHHS € aHajli3 HasgBHUX METOLIB
MIATPUMKH MPUHHATTS PIllIeHb Y KOHTEKCTI BiAJAICHOTO
yIpaBIiHHS BUPOOHHIITBOM, BHSIBIICHHS iXHIX IlepeBar i
HEeNOJNiKiB, a TaKkoX BH3HAYEHHA MEPCIECKTHBHUX
HAIPSIMIB PO3BHUTKY.

1. OrJIsa1 TA AHAJII3 CYYACHUX METO/IIB
CIIIIP ¥ BIJUTAJIEHOMY YIIPABJIIHHI
BUPOBHUIITBOM

OpmHUM 3 HaHTOUIMPEHIMNX METOIB € BHKOPHCTaHHS
excriepTHUX cucteM. Lli cuctemu 0a3yroThCS Ha 3HAHHSX
eKCIIepTiB Yy IpeaMeTHili obmacTi Ta 34aTHI iMiTyBaTté
MPOIeC TPUHHATTSA pIMICHb JIOJUHOK. Y KOHTEKCTI
TVICTAHI[IHHOTO YTIPaBIiHHSA BHPOOHUIITBOM EKCIEPTHI
CHCTEMH MOXYTHb OYTH BUKOPHCTaHI IJIsi HiaTHOCTHKH
HECIPAaBHOCTEH OOJIaHAHHS, ONTHMi3amii BHPOOHUYMX
IpoIIeciB, MIaHyBaHHA pecypciB [2]. OmHak BOHH MaroTh
00MeXeHHsI, MOB'sI3aHi 3 TPYAOMICTKICTIO CTBOPEHHS Ta
OHOBJICHHS 0a3W 3HAHb.

[HIIMM MONIMPEHUM METO/IOM € BUKOPHCTAHHS CUCTEM,
3aCHOBAaHMX Ha aHaJi3l BEIMKWX JAHWX 1 MAIIMHHOMY
HaByaHHI. [li cuctemu 37aTHI OOpPOOIATH BENWYE3HI
o0csru iHpOpMAITii, IO HATXOMUTH 3 JATUYMKIB Ta 1HIINX

JUKEpeJd, BHSBIATH TPUXOBaHI 3aKOHOMIPHOCTI Ta
Ha/laBaT PeKOMEHMAIlil Ha OCHOBI ICTOPUYHUX JaHUX Ta
nmotouHoi cutyarii [3]. [lepeBaroro Takux CUCTEM € TXHS
3aTHICTh HABYATHCS Ta aJaNTyBaTHCS JO MIHJIMBUX
YMOB. OpnHaxk BOHHU noTpe0yoTh 3HaYHUX
00YHMCITIOBANIEHUX PECYPCiB Ta SKICHMX HaOOpIB JaHHX
JUISl HABYaHHSL.

MeToau iMITAI[IITHOrO MOJICITFOBAHHS TAKOX IIHPOKO
BukopuctoBytothess B CIIIIP  gms  BigmaneHoro
yIOpaBiiHHA  BUPOOHMITBOM. BOHM  J03BOJSIOTH
CTBOPIOBATH BipTyasbHI MOZENI BUPOOHHYMX IMPOIECIB 1
MIPOBOJIUTH EKCIIEPUMEHTH ISl OLIHKU PI3HHUX CIIEHapiiB
i cTpareriii ynpasninas [4]. Lle ocoGmuBO KOPHCHO HpH
IUIaHYyBaHHI 3MiH y BUPOOHMYMX cHcTeMax abo
ontuMizanii icHyrouux mporeciB. OIHaK CTBOPEHHS
TOYHMX 1 JETAILHHUX IMITalliIHHUX MoJeNeil Moxe OyTH
CKJIaJJHAM 3aBJaHHSAM 1 BUMaraTd 3HAYHMX YacCOBHX 1
(hiHaHCOBUX BUTpAT.

IHTenekTyanbHi  CHCTEMH MIATPUMKH  NPUAHATTS
pilleHb ~HAa  OCHOBI  HEYITKOI  JIOTIKH  TaKOX
BUKOPHCTOBYIOTBCS Yy  BUIQJIGHOMY  YNPAaBIiHHI

BupoOHuLTBOM [5]. LIi cucTemu 37aTHI mpamoBaTH B
yMOBaxX HEBH3HAYEHOCTI Ta HEMOBHOTH iH(oOpMaIii, 1110
4acTo 3yCTPIYaeThCs B PEAIBHUX BHPOOHHYUX YMOBaX.
[X MOXHa BUKOPHCTOBYBATH JUTSl YTIPABIIiHHS CKJIaTHUMH
TEXHOJIOTIYHUMH  TPOIIeCaMH, ONTUMI3alli PEeKUMIB
poboTH 00NamHAHHS, MPOTHO3YBAHHS SIKOCTI MPOIYKII.
OnHak CTBOPEHHS TaKHX CHCTEM BHMAarae IIIMOOKOTO
PO3YMIHHS SIK TpPEeaMETHOI 00MNacTi, TaKk i MPHUHIIUIIIB
HEYiTKO{ JIOTIKH.

B ocTanHi poku Bce OLIBIIOrO NOMIMPEHHS HA0YBalOTh
METO/M, 3acHOBaHi Ha ImTy4HoMy iHTenekti (LUI) Ta
TEXHOJOTiAX  rmmbokoro HaB4yaHHs. 1[I Meromu
no3BoJsIt0Th cTBOproBati CIIIIP, siki MOXYTBH HE TITBKH
aHaNI3yBaTH TOTOYHY CHTYalilo, aje W MpPOrHO3YyBaTh
MaiiOyTHI TOfii, BHUSBIATH aHOMAaJii Ta IPOIIOHYBATU
ONTHMAJIGHI PIMIEHHS B PEeXUMI peanbHOro dacy [6].
Hampuknaa, cucteMd Ha OCHOBI HEHPOHHHX MEpEx
MO’KHa BUKOPUCTOBYBATH JUIS IIPOTHO3YBaHHS MOIHUTY HA
MPOAYKIIO, ornrruMizarii JIAHIIOTIB IIOCTaBOK,
IHTENEeKTyaTbHOTO 00CIyToByBaHHA 00namHanHsA. OmHaK
BIOPOBQ/DKCHHS TaKMX CHCTEM BHMara€ 3HAYHHX
IHBECTHIIIH 1 HasBHOCTI KBami(ikoBanux ¢axisiris 3 1.

Baxxmmeum  acmektom  cywacHmx — CIINIP B
TUCTAHIIITHOMY YIIpaBIliHHI BUPOOHHUIITBOM € iHTETpaIlis
pI3HMX JDKepen MaHWX 1 MeTomiB aHamzy. [iOpummi
CHCTEMH, LIO MOEAHYIOTh EIEMEHTH SKCIIEPTHHX CHUCTEM,
MAIIIMHHOTO HaBYaHHS Ta IMITAI[IiHOIO MOJICIIOBAHHS,
JO3BOJISIIOTh BUKOPUCTOBYBAaTH MEpeBard KOXKHOTO 3
MiIXOMAIB 1 KOMIIGHCYBAaTH iX HeHONikdu. Taki cucremu
3JaTHI 3a0€3MEeYNTH KOMIUIEKCHY MiATPUMKY MPUHHATTS
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pilleHb Ha BCIX PIBHSAX YIpaBIiHHS BHPOOHHIITBOM, Bij
OTICPATUBHOTO JIO CTpaTeriaHoro [7].

OxpeMol yBarW 3aciIyroBYIOTh METOAM Bi3yalrizarlii
JaHuX Ta pe3ynbratiB anamizy B CIIIIP. Bukopucranus
IHTEpaKTUBHUX JmamoopniB, 3D-moxmenell BUpOOHMYMX
MIPOLIECIB, TEXHOJIOTIH BipTyaJbHOI PealbHOCTI JI03BOJISIE
ocobaM, sIKi MPUHMAIOTH PIllICHHS], MIBHIKO OIliHIOBATH
CUTYyalilo 1 pO3yMITH HACTIIKH Pi3HUX BapiaHTiB nHiid. Lle
0CO0JIMBO BXXIMBO TIPH BiJIaIEHOMY YIIPaBJIiHHI, KON
HEMae MOKIIMBOCTI 0€3M0CepeTHbOTO CIIOCTEPEKEHHS 32
BUPOOHUYMMHU TIPOLIECAMH.

III. IEPCIIEKTUBY PO3BUTKY TA
[HTETPALII CITIIP B YMOBAX IH/ITYCTPIi

4.0
udposa tpanchopmallisi BUpoOHHIITBA CTBOPIOE HOBI
MoxxmBocTi Ta Bukiamkun Jquiss CIIIP. Y konTtekcTi
Ianyctpii 4.0  CIIIIP  craroth  Bce  OUTbIN

IHTENEKTYa bHIUMH, ABTOHOMHHMH Ta IHTEIPOBaHHMH.
OCHOBHI TeH/ICHIIii BKIFOYAIOTh:
[TigBuILICHHS PiBHSI ABTOMATH3AIlil TPUAHATTS PillICHb:

—  BIIPOBaKEHHS ATOPUTMIB MaIIHHOTO
HAaBYAHHS [UI ABTOMATHYHOTO MPUHHATTS pIllleHb Yy
PYTHHHUX OIeparisx;

— po3pobka  CHUCTEM, 3JaTHHX  CaMOCTIHHO
ONTUMI3yBaTH BHPOOHHWYI Tmporecu 0e3 MOCTIHHOTO
BTPYUaHHS JIFOTHHH;

— crBOpeHHs1 "po3yMHUX" (QabpHK, e OLIBLIICTh
OrepaliifHuX pillleHb MPUIAMAIOTHCSI aBTOMATUYHO.

Po3mupeHHss  MOXIMBOCTEH  IIPOrHO3YBaHHsS — Ta
IIPEBEHTUBHOT'O YIPABIHHS:
—  BHUKOPUCTAHHS HepeI0BUX AITOPUTMIB

MPOTHO3HOI aHAIIITHKK JUIS Nepea0dadeHHs] MOTeHIIHHIX
pooJem;

—  BIIPOBaKCHHSI CHCTEM PaHHBOTO
TMOTIePeIKEHHS, 1110 JI03BOJISIIOTH 3arodiratu
BUPOOHHYUM 30051M;

—  po3poOka MoJienei OIITHMI3allii, 110
BpPaxoOBYIOTh  JIOBFOCTPOKOBI  HACJIJKH  MPUUAHSITUX

pilleHb.
301IbIICHHS BUIKOCTI 0OPOOKU JaHUX Ta MPUHHATTS
pillieHb y peanbHOMY 4aci:

— BHKOPUCTAHHS TEXHOJOTiH 00pOOKH MOTOKOBHX
JaHUX JUII MUTTEBOTO pearyBaHH: Ha 3MiHH;

— BIpoBapKeHHS edge computing It 3MEHIIIEHHS
3aTPUMOK IIpH 00pOOITi KPUTHIHO BaXKIUBOI iH(OpMAIIii;

— po3poOka aNrOpuTMiB, 3JATHUX TPHAMATH
ONTHMAJBHI PIllICHHS B YMOBaX 0OMEXEHOTO Jacy.

[ToxpalreHHs aganTHBHOCTI CUCTEM JO 3MIHHHX YMOB
BHPOOHUIITBA!

—  CTBOPEHHS 'HYYKUX BUPOOHHWYHX JIiHIHN, 3TaTHHX
IIBUJIKO TIEPEHATIAIITOBYBATHCS T1i]T HOBI 3aBIAHHS;

— pospobka CIIIIP, mo BpaxoBYIOTH AWHAMIYHI
3MiHHM PUHKOBOTO ITONUTY Ta YMOB IIOCTaBOK;

—  BIOPOBaDKEHHS CHCTEM, IO CAMOHABYAIOTHCS Ta
MTOCTIHHO BIIOCKOHAIIOIOTH CBOi ajJTOPUTMH Ha OCHOBI
HOBUX JaHUX.

IaTerpanis CIIIIP 3 iHnmMyu 6i3Hec-CUCTEMaMH:

— TiCHa B3a€EMOJiS 3 €rp, Crm Ta SCm CHCTEMaMu

JUTSL KOMIUIEKCHOTO YIPaBIiHHS i ITPHEMCTBOM;
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—  CTBOpEHHS €IMHOTO iH(OpMaLiHOTO MPOCTOpY,
o 00'€THY€ BCi aCTIEKTH AisUTHHOCTI KOMIIAHIT,

— po3poOka iHTepdelciB, 1m0 3a0e3MeUyrTh
OC3IIOBHY IHTETpAIlI0 PI3HUX CHCTEM Ta JDKEPEN JaHUX.

Po3BuTok Bisyauizanii Ta iHTepdeiiciB koprcTyBaya:

— CTBOpEHHS IHTYiTHBHO 3pO3yMUIMX JanIioopiiB
JUTSL IIBU/IKOTO OTJISTY KITFOUOBUX TTOKA3HHKIB;

— BIPOBa/PKCHHS TEXHOJIOTIH BipTyanbHOI Ta
JIOTIOBHEHOI peaybHOCTI ISl TOKpAIIEHHS CHPHAHATTS
iH(popMartii;

— po3poOka ajanTWBHHUX  iHTepdeiiciB, 10
MiJIAIITOBYIOTHCS i moTpeou KOHKPETHOTO
KOpHCTyBaya.

Ili TeHpmeHIil NPHU3BOIATH JO CTBOPEHHS OLIBII
THYYKHX Ta e(EKTUBHHUX BUPOOHHUYHMX CHCTEM, 3JATHHX
MIBU/IKO pearyBaTd Ha 3MiHH PUHKOBHX YMOB Ta BUMOT
cnoxuBadiB. CII[IP HoOBOro mOKOMIHHS He JHIIEe
Ha/IaloTh iH(OpMALito JUIsl MPUHHATTS pillleHb, ane
aKTHBHO O€pyTb ydYacThb Yy TpOIECi YIpaBIiHHS,
MIPOMIOHYIOYM ONTHMAJIbHI PpillleHHS Ta aBTOMATHYHO
peani3yroun iX y 6araTbox BHIAIKaX.

Inrerpaniss CIIIIP 3 IoT rta IoT BiakpuBae HOBI
TOPU3OHTH JUIS BiJJIAJIHOTO YIPABIiHHSI BUPOOHHUIITBOM.
Lls cuHepris CTBOPIOE TMOTYXKHY €KOCHCTEMY, siKa
JIO3BOJISIE  ONTHUMI3YBaTH BCI AacleKTH BHUPOOHUYOTO
polLecy:

30ip Ta aHaNi3 JAHUX Y peallbHOMY Yaci:

—  BCTaHOBJICHHS MEpEKi CEHCOPIB Ta JATYHKIB IS
HOCTIHHOTO MOHITOPHHTY BCIX aclIeKTiB BUPOOHUIITBA;

—  BUKOPUCTaHHS TEXHOJIOTIM BEIMKUX NAHUX AT
00poOKH Ta aHalli3y BeJIMUe3HUX 00CsTIB iH(popMaIlii;

—  BIIPOBaKCHHA aNIrOPUTMIB MAaIIMHHOTO
HaBYaHHSA JJIs1 BUSBJICHHS IPUXOBaHUX 3aKOHOMIPHOCTEH
y JaHHX.

CropenHs "undpoBux IBIMHUKIB":

— po3poOKka MOeTaNbHHX BIPTYaJbHHX MOZENeH
BUPOOHHYKX MPOLIECIB Ta 00JIaHAHHS;

— BHUKOpUCTaHHS 1U(POBHX  JBIHUKIB  UIs
CUMYJISILIT Pi3HMX CLIEHApiiB Ta ONTUMI3allii MPOIIECiB;

— [OCTIHE OHOBJIEHHA MOJEJIEH Ha OCHOBI
peanbHUX JAHHX YIS MiJBUIIEHHS iX TOYHOCTI.

OntuMmizailis JIAHIIOTIB IIOCTABOK Ta YIPaBJIHHS
3amacamu:

— BIACTeXEHHS pyXy MaTepiaiB Ta TOTOBOI
MPOAYKIIii B peXKUMI peanbHOTO Yacy;

—  aBTOMaTHYHE KOPHT'YBaHHS TUIAHIB
BUPOOHMIITBA Ta 3aKyIiBeIb HA OCHOBI AaKTyaJbHUX
JaHUX;

—  BIIPOBaKEHHA CHCTEM
[IHOYTBOPEHHS Ta YIPABIIHHS MTOMHATOM.

IToxpameHHs SKOCTI MPOTYKIIii:

— TOCTIHHWI MOHITOPWHT TapaMeTpiB AKOCTI Ha
BCIX eTarmax BUpOOHUIITBA;

—  aBTOMaTHYHE KOPHT'YBaHHS BUPOOHUYHMX
TIpoIIeciB T 3a0€31eYeHHs CTa0IbHOI IKOCTI;

—  BHKOPHCTaHHS TEXHOJIOTI MAIIMHHOTO 30py Ta
Al nns BusBneHHS Ae(eKTiB.

EneproeeKTHBHICTD Ta €KOJIOTIYHICTS!

—  MOHITOPHUHT Ta ONTHUMI3aIlis EHEPTOCTIOKUBAHHS
BUPOOHUYOTO 00T JHAHHS;

— aBTOMaTHYHE peTyJIIOBaHHA PEXHMIB pPoOOTH
CHCTEM OMAJICHHS, BEHTUIALIT Ta KOHIUI{IOHYBaHHSL;

IMHAMIYHOTO
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— BIOCTEXKEHHS Ta MIHIMI3AIls BHKHIIB Ta
BIJIXO[iB BUPOOHUIITBA.
[Nokpamenns Oe3neky mpari:
— BHUKOPUCTaHHS HOCHMHUX  TPHUCTPOIB IS

MOHITOPUHTY CTaHy 37I0pOB's Ta OE3IEeKH TPalliBHHKIB;
— aBTOMAaTHYHE BHSBJICHHS HEOE3MEUHUX CUTYyallii
Ta MONEPE/PKEHHS HEIIACHUX BUIAIKIB;
—  BIIPOBA/DKCHHS CUCTEM KOHTPOJIIO JOCTYIy Ta
MOHITOPUHTY TIepeMillleHb IEPCOHAI.
I'Hyuke BUpOOHHMIITBO Ta MacoBa KacTOMizallis:
—  CTBOpEHHS BUPOOHMYMX JIHIN, 3[ATHUX MIBUAKO
a/IalTyBaTUCS 10 3MiH Y 3aMOBIICHHSIX;
— aBTOMAaTHYHE HAJAIITyBaHHS OONaJHAHHS ITiJ
1HJIMB1TyaJTbHI BUMOTH KOYXHOTO 3aMOBJICHHS;
— onTuMmizamis  mporeciB it e()eKTUBHOTO
BHUPOOHMIITBA MAJIMX MAPTiil Ta YHIKaJIBHUX BUPOOIB.
BrpoBamkennss 1mmx TexHonorid go3Bosse CIIITP
npuiiMati Oinbll OOIPYHTOBaHI pIIIEHHS Ha OCHOBI
BEJIMKUX OOCATIB aKTyaJbHUX J@HWUX, M0 3HAYHO
nigsuiye edektuBHICTh BHpoOHMNTBA. IHTerpamis loT
ta [loT 3 CIIIIP cTBOpIOE €MHY €KOCUCTEMY, JIe KOXKEH

€JIEMEHT  BHPOOHUWIITBA  CTA€  JDKEPEIOM  LiHHOI
iHpopMmalii, a KOXHe pilleHHs 0a3yeTbCsi Ha
KOMIUIGKCHOMY ~aHaii3i BCIX acleKTiB AisIbHOCTI
HiANPUEMCTBA.

Xwmapni obuucnenns Ta Edge Computing BiirparoTh
KJIIFOUOBY POJb y po3BUTKY cydacHux CIIIIP:

—  XMapHi aThopMu 3a0e3ne4yoTh
MaciTaOoOBaHi OOYMCIIOBANBHI pecypcH yis 00poOKu
BEJIMKUX 00CSTIB TaHKX;

— edge computing a03BoJsiE 00pOOJIATH AaHi
OmrbKYe 10 JoKepena iX reHepallii, 3HHKYIOUH 3aTPUMKH
Ta IMiBUIYIOYH IIBUIKICTb PEakKilii CHCTEMH;

— TiOpuaHI pilICHHS, IO TOEAHYIOTh XMapHi Ta

JIOKaJbHI OOYMCIICHHS, 3a0e3Me4yloTh ONTUMAaIbHUMA
0ajaHC MDK TNPOJYKTHBHICTIO Ta  EKOHOMIYHOIO
€(PEKTUBHICTIO.

i TexHOMOTIT 1O3BOJISIOTH CTBOPIOBATH OLIBIII THYHKI
ta Mmactradboani CIITIP, 3matHi 00poOmsaTH Benuki
o0CsiTM  JIaHMX Ta NpUAMATH pIlICHHS B  PeXHUMI
peaybHOTO Yacy.

3 PO3BUTKOM BiIIaJICHOTO YIPABJIIHHS BUPOOHHIITBOM
3pocTae BaXKIMBICTh 3abe3nedenns kidepoesnexu CIIIIP.
Ki1r090Bi1 aclieKTH BKIIIOYAIOTh!

—  BIPOBaKEHHS
udpyBaHHs  JTAaHUX
KaHAaJiB;

— po3poOka CHCTEM BHSBICHHS Ta 3amoOiraHHs
BTOPTHEHb, CIEU(IYHUX IS HPOMHUCIIOBUX CEPEIOBUIL;

—  peryisipHe OHOBJICHHS IPOrPaMHOTo
3a0e3nedeHHs Ta MPOBEICHHS ayIUTiB OC3MEKH;

— HaBYaHHS [IEPCOHAJY 3 MUTAaHb KibepOe3neku Ta
CTBOpEHHSI KyJIbTypH O€3IMEKH B OpraHi3alii.

3abe3medyeHHsT BHCOKOTO piBHSA  KiOepOesmekun €
KPUTHYHUM JIs miaTpuMKe goBipu mo CIITIP ta 3axucry
KPUTHYHOI iHQPACTPYKTYPH TiAIPUEMCTB.

BrpoBamkennss TexHomorii 5G  BimkpmBae HOBI
MoxymBocTi st CIIIIP y BigmameHoMy yIpaBIiHHI
BUPOOHUIITBOM:

— 30UIBIICHHS  IMIBUAKOCTI  Tepemadi  JTaHHWX
J03BoIIsiE  0OpoOmsITH  Oltbmni  obcsirm  iHQopManii B
peaypHOMY Yaci;

MepeIoBUX METOIIB

Ta 3aXUCTy KOMYHIKaI[ifHUX
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— 3HIDKCHHA 3aTPUMOK  3a0esleduye  Maibke
MHUTTEBY PEAKIIIIO CHCTEM YIIPABIIIHHS,;
—  [iIBHIIEHA HaIINHICTD 3B'SI3KY CIIpUSIE

CTaOUIBHOCTI pOOOTH CHITP y BiJTAJICHUX JOKAIISX;

—  MOXIMBICTH MIAKIIOYEHHS BEJMKOI KIUIBKOCTI
MPUCTPOIB Ha OAMHMIO IUIOIII PO3IIMPIOE MOXKIMBOCTI
300py JaHHX.

IIi mepeBarm 5G H03BOJIAIOTH CTBOPIOBATH OLIBII
e(eKTHBHI CUCTEMH BiJTAJIEHOTO YIIpaBIiHHS
BUPOOHHIITBOM.

AR Ta VR TexHomnorii BiIKpHUBarOTh HOBI TOPU30HTH
JUTS Bisyautizanii qanux ta B3aemonii 3 CIIIIP:

— AR no3Bosie Hakanatu mudpoBy iHGopMarriro
Ha peanbHi 00'€KTH, TIOKpANIylOYd CHUTyalildHy
0013HaHICTh OIEePaTOpiB;

— VR CcTBOproE MOXIMBOCTI Uil  ITOBHOTO
3aHypEHHS B BipTyallbHi MOJIeJli BAPOOHMYUX MPOLIECIB;

— mi  TexHoyorii  TOKpalmlyloTh  HaBYaHHS
MepCOHAJTy Ta TOJIETUIYIOTh BiJylaieHe 0OCIyrOBYBaHHS
00JaJHAHHS,

— i”rerpauis  AR/VR 3
CTBOPIOBATH 1HTYITHBHO 3pO3yMii
MPUIHATTS PillIeHb.

Bukopuctanass AR Tta VR B CIIIP mniaBuiye
e(heKTUBHICTh B3a€MOJIT JIOJAUHU 3 CUCTEMOIO Ta SIKICThH
NPUHHATHX PIlLIEHb.

3 po3eutkoM aBTomaruzoBaHux CIIIIP 3pocrtae
Ba)XKJIMBICTh €TUYHHUX ACIEKTIB Ta MPO30POCTI MPUHHSATTS
pillieHb:

—  HEoOXiJHiCTh 3a0e3NeUeHHs CIIPaBEJTUBOCTI Ta
BIJICYTHOCTI YHEpEIDKEHOCTI B alrOpUTMax MPHAHATTS
pillieHb;

—  BaXJIMBICTh 30€pEe)KEHHS JIIOACHKOTO KOHTPOJIIO
HaJl KPUTHYHUMH PiLIEHHAMH;

— mnortpeba B MIPO30POCTI
pitens, npuiHsaTUX Al -cuctemamu;

—  BpaxyBaHHA COLliaBbHUX
aBTOMATHU3Allil IPUHHATTS PillIEHb.

BupilieHHs UX €THYHHX NHUTaHb € KIIOYOBHM [UIS
nooyznoBu aoBipu no CIIIIP Ta X mMpoKoro MpUHHATTS
B CYCIIUIBCTBI.

EdexTrBHE  BIpoBaKEeHHS Ta  BHKOPHCTAHHS
cyyacuHux CIITTP BuMarae po3BUTKY HOBHX KOMITETEHIIIH
y NIepCOHAIy:

— HaBHYKA pOOOTH 3 BEJIUKUMH IaHHUMH Ta
AHATI THYHUMH IHCTPyMEHTAMHU;

—  PO3YMIiHHS IPUHIIUIIIB MAaIIMHHOTO HaBYaHHA Ta
Al,

— 3IaTHICTh IHTepIpeTyBaTH pe3ynpTaTi
CKJIAIHUX MOJIEJICH Ta MPHIMaTH PIilIeHHs Ha IX OCHOBI,

— HaBWYKH KiOepOesrmeku Ta PO3yMiHHS ETHYHHX
acreKTiB BUKopucTaHHA Al.

IgBecTurii B HaBYaHHSA Ta PO3BUTOK IIEPCOHANY €
KPUTHYHO BAXKJIMBAMH ISl MaKCHMi3amii MOTEHINaTy
cysacamx CIIIIP y  BigmameHoMy  ympaBiiHHI
BHPOOHHUIITBOM.

CIIIIP  no3Boiste
iHTepdeiicn s

Ta ITOSCHIOBAHOCTI

HACJIAKIB

V. BUCHOBKU

AHami3 ICHYIOUMX METOIB IITPUMKHA TPUAHATTS
pilleHs B WCTAHIIMHOMY YNPaBIiHHI BHPOOHUIITBOM
MOKa3ye, M0 HAaWOUIBII €(QEeKTHBHUMH € KOMITJIEKCHI
pilIeHHs, $IKI BPaxOBYIOTh cCIENH(}iKy KOHKPETHOTO
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BHPOOHMIITBA Ta IHTETPYIOTh Pi3HI MiJXOIH 1 TEXHOJIOTII.
[Ipn 1mpOMYy BaXXIMBO JOTPUMYBATHCSl OanaHCy MiX
CKJIaJIHICTIO CUCTEMH Ta ii MPaKTUYHNM 3aCTOCYBaHHSM.

Ha 3aBepmieHHs ciifg 3a3HAa4uTH, MIO PO3BHTOK
METO/IB M ATPUMKH MPUNHATTS pileHp B
JMCTaHIITHOMY YIIpaBIliHHI BUPOOHUIITBOM PYXa€ThCs B
HampsIMKy  WTiABUIIEHHS  aBTOHOMHOCTI  CHCTEM,
TIOJTINIIIICHHS X aJanTHBHOCTI IO MIHJIMBUX YMOB, OLIBIIT
TicHOT iHTerpamii 3 TexHomorismu loT 1 xwmapHHX
oOuncnenb. lle BigkprBae HOBI MOXJIMBOCTI IS
I IBUIIEHHS e(hEeKTHBHOCTI Ta
KOHKYPEHTOCIIPOMOXKHOCTI ~ ITINIPHEMCTB B YMOBax
M (ppOBOI EKOHOMIKH.
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Buauy 3BaproBaHHsA 114 BEPCTATY TOUYKOBOTO

3BaproBanuA 3 UITY

Jimutpo Makcumos?, Jimutpo Hikirin

2

1. ®@akynsrer AKT, Kadenpa KITAP, XapkiBcbkuii HallioHAIEHH YHIBEPCUTET PaioeIeKTPOHIKH, YKpaiHa,
XapkiB, mpocrniekt Hayku 14., e-mail dmytro.maksymovl@nure.ua
2. Kagenpa KITAP, XapkiBcbkuii HallioHANbHUH YHIBEPCHTET paioeNeKTPOHIKY, YKpaiHa,
XapkiB, npocniekt Hayku 14., e-mail: dmytro.nikitin@nure.ua

Anomauin’ y naniii poOOTi TOCHTIKYIOTBCS PI3HOBHIH
BUJIB 3BaproBaHHS Uil BepcraTa il TOYKOBOTO
3BaproBaHHs. Illo 703BoNA€ BHM3HAUMTH HaWKpaIuii
METOJ HaIliBIPOMHCIIOBOIO 3BaplOBaHHS B BepcTaTi 3
4urny.

Knwowuosi cnosa: HamiBaBTOMAaTU4HE 3BapIOBaHHS
cepes 3aXMCHUX ra3iB, HaliBaBTOMAaTH4YHE 3BapIOBaHHS
cepep IHEPTHUX Ta3iB, py4HE JyroBe 3BapIOBaHHS
€JIEKTPOJIOM, IO IUIABUTHCS, PYYHE 3BApIOBAHHS Cepell
3aXHMCHHX ras3iB.

. BCcTvin

B naHuii yac TOUKOBE 3BapIOBaHHS OTpUMaja IIUPOKE
PO3IIOBCIO/DKEHHS, SIK y TIPOMHCIOBIH cdepi, Tak i B

noOyTi, Tak SK JO3BOJIAE  BHpIIIYBaTH  HAaBITh
HalCKJIa HiIi 3aBIaHHA  3a CBOIM MPSIMUM
npusHaueHHsM. Ha  choroaHimmHii  JeHb  TOYKOBE

3BaproBaHHs 3aTpeOyBaHa He TUIbKM B MOOYTI, ane i B
BUPOOHHMIITBI, TaK SIK BOHA 37]aTHA BUPIIIUTH HABITH cami
Baki 3aBaaHHsg. CaMe BOHO € OJHUM 3 HaWOLIbLI
YHIBEPCAIBHHUX Ta JOCTYIHHM JIJIsl CIIOKHBAUiB 3acO00M
IS 3BapIOBAHHS JINCTIB METaIy.

OCHOBHOIO 3a7jayei0 JaHOI POOOTH — € BU3HAYCHHS
TUMIB 1 PI3HOBU/IIB 3BAPIOBAHHS ISl BEPCTATa TOUKOBOTO
3BaproBaHHsI. ToMy Ha TMepuioMy eTami HeoOXiJTHO
JIOCITIJIUTH, SIKI ICHYIOTh METO/IU 3BApIOBAHHS.

1. AHAJII3 BUJIIB 3BAPFOBAHHS

Ha pjaniii MOMeHT iCHYIOTh 0araTo MeTOJIiB
3BapIOBaHHS B 3aJI©KHOCTI BiJl MaTepiia, TOBIIMHH 1
IHIIMX TapameTpiB, ToMy Oyjio oOpaHo 5 BuIiB
3BapIOBaHHS, SIKI HAWYACTINIE BUKOPHCTOBYIOTHCS. T
3BapIOBaHHS, iX MEepeBaru Ta HEJOJIKN HaBeAeHI y Tali.
1.

Tabmumst 1. Tunm 3BaproBaHHs, iX mepeBaru Ta HeIOIiKH

[Mponoxenns Tadm. 1.

2 | Pyune 3BaproBaHHS | — Jqy)ke BHCOKAa | — HM3bKa
cepel 3aXUCHUX SIKICTB I1IBA; e(eKTUBHICTD
rasis (TIG) — JIETKOTUIABKI | HarpiBaHHS
KOMITOHEHTH MeTaly;
CITaBiB Ta | — IMPOKI WBH i
neryrodi MIUpOKa 30Ha
n00aBKM  HE | TEpMIYHOrO
BUTOPSIIOTH; BILUTUBY Ha
— 3BaproBallbHa | KOHCTPYKIii, MI0
BaHHA 3BapIOIOTHC:
3axWIleHa BiJ | — HU3bKA
KHCHIO. MPOYKTHBHICTE;
— TpydHoOmi B
aBTOMaTH3alli
TPOIIECY.
3 | HamiBaBTOMaruune | — HaWOLIBIIMII | — BapTiCTh
3BapIOBaHHS piBeHb 3aXHCTy | oOnajHaHHS  Ta

PO3IUIABJICHOIO | MaTepialis;

MeTaiy; — OOMEXEHHS Ha
— 3pYYHICTb TUTNH Marepiais,
eKcIUTyaranii; | — oOMeXeHHS Ha
— pIBHMH ILIOB | TOBLIMHY
i3 MOBHOIO | Matepiais;
BiJICYTHICTIO — BUMOTH J0
[IJIAKY. YHCTOTH MOBEPXHi
4 | IIna3mose - BUCOKHH | — ONTUYHE
3BapIOBaHHS piBeHb BUIIPOMIiHIOBaHHSI,
KOHLICHTpail LIKiUTHBA
TEIIOTH; 10HI3allis TIOBITPS;
BHCOKA - BUJIJICHHS
— cTaOUTBHICTh | MapiB MeTany B
TOPiHHS, npoueci

— MOXIIUBICTD | 3BapIOBaHHS;
3BapIOBaHHS — HH3BKHH CpOK
neraneit ciry)0u coria
TOBIIMHOK 70 | MaJbHUKA

10 MM 6e3 | BHacHigoOK

Ne Tun IepeBaru Henomixu
3BapIOBAHHSI
1 Pyune — BHCOKa — HEOOXIi/IHICTh
JIyTOBe TEXHOJIOT1YHICTh; BUKOPUCTAHHS
3BapIOBaHHS | LIMPOKi CHeI{iaTbHIX
CNIEKTPOIOM | MOMJIMBOCTI Ul | 3BaprOBAIBHUX
(MMA) MexaHizaiii  abo | mepeTBOpPIOBAUIB.
aBTOMAaTH3allii;
— HEeBENWKa  30HA
TEPMiIYHOTO
BIUIMBY.

onepeaHbO1 CUJIBHOTO
MiATOTOBKH HAarpiBy.
KPOMOK.

5 Konrakthe — Malmuidk 4Yac | — OyXe BHUCOKHUI

3BapIOBAHHS 3'€THAHHS; pobounii ctpym;

—  IUBMAKICTH | — BHCOKE 3yCHIUIS
npotrecy; MNPUTHUCKY KJIIIIB;
— MiHIMaibHa | — Mana MILHICTb
nedopmaris. 3BapHOTO MIBA.

Jns pobotm 31 3BaprOBalIbHUM amapaToM TaKOXK

moTpibeH  3BaproBaJbHUN  TpaHcopMmaTrop, MmO €
KIIOYOBHM  €JIEMEHTOM B  0araTthbox  Iporecax
3BApIOBAHHs], OCKUIBKM caM BiH  BiANOBiZae 3a

pETyJIIOBaHHS CHIIM CTPYMY Ta HAaNpyTH, 3HWXKYE BTPATH
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eHeprii, miaBuIIye Oe3leKy 3BaproBaJbHUX POOIT 1 T.m,
pUCYHOK 1.

3anekKHO BiJi KOHCTPYKIIil €IEKTPUYHOTO MIPUCTPOIO Ta
METOJly PETYJIOBAaHHS KIaCU(IKYyIOTh Ha Taki OCHOBHI
rpymu:

— OJHONOCTOBI 3BaproBalbHI TpanchopMaropu -
BHUKOPHCTOBYIOTHCS ITPH
poboTax 3 pyyHMM 3BaplOBaHHAM 1 3BapIOBaHHS i
¢uroc;

— TpaHc(hOpMATOpH aMILTITYTHOTO PETYJIIOBaHHS 13
TiJBUIIIEHUM MarHiTHUM PO3CIIOBaHHSM — BIZMIHHI pUCH
LIBOTO BHJY IOJATalOTh Yy KOHCTPYKIIl IOYHTIB 1
obmorok. Ilpu HeBenmkili Baszi oOnagHaHHS poOOUI
XapaKTEePUCTUKU MOJISITA0Th y I IBUIIEHOMY
Koe]illi€HTI MTOTY>KHOCTI;

— TUPUCTOPHI MPUJIAJX — OCHAIICHI (Pa30peryIsTOpoOM,
pO3TAallIOBaHUM Ha JIAHWIOTY, SKUHA 3'eqHaHUN 3
TUPUCTOPAMU Ta CUCTEMOIO YIIPaBIIIHHS;

— onHO(azHI — SK MpaBUIIO, TOOYTOBI MOZENI SIKi HE
HAATO TOTYXHI 1 MOXYTh TNpalIOBaTH 3 IOOYTOBOIO
eJeKTpoMepexkoto 3 Hampyroo 220 B, ckmamaetscs 3
CepJIcYHHKA Ta JIBOX OOMOTOK;

— TpudasHi — 3aBxaum abo mnpodeciiiHa, abo
HamiBrpodeciiHa MoOJeNb HACTUIBKM MOTYXHa, IO
Bumarae 380 B Hampyru, ckmajaetecsi 3 TPBOX
onHO(Da3HKUX, PUCYHOK 2.

I11. BUCHOBKU

Pi3HOMaHITTA  iCHyIOUMX METOAIB  3BapIOBaHHA
JI03BOJISIE BUOpATH HAWHOUIBIN MiIXOMSIIMKA BapiaHT B
3aJIeKHOCTI Bijl crienu(iky 3aBJaHHs, MaTepiany Ta yMOB
pobotu. KoxxkeH 3 1MX METOJIB Mae CBOI mepeBaru i
HEJOJIIKK, 10 HEOOXiJHO BPaxOByBaTH Mpu BHUOODI
TEXHOJIOT1{ A1 KOHKPETHHUX 3aCTOCYBAHb.

3BaploBalibHUA  TPaHC(HOPMATOp €  BAKIUBHM
KOMIIOHEHTOM Ui 3a0e3ledyeHHs e(exTHBHOro Ta
Oe3revyHoro 3BaproBaHHs. Pi3HI THIU TpaHcgopmaropiB
MalTh  CBOi  cheru@iyHi  XapakTepUCTHKH 1
3aCTOCOBYIOTBCSI B 3aJI©KHOCTI  BiJf BUMOT [0
3BaprOBaJIBHOrO Ipouecy. s OOCSITHEHHS HaWKpaimx
pe3yjbTaTiB  y 3BaplOBAILHOMY TIPOIECI  BaXKIHMBO
BpaxoBYyBaTH SIK TEXHI4HI XapaKTePUCTUKU
3BApIOBAJIBHOTO  OOJaJHAHHS, TaK 1 BJIACTHBOCTI
MaTepiajiiB, II0 3BaploOIOThCs. Bubip mpaBUIBHOTO
METOJy 3BapIOBaHHS 1 BIAMOBIJHOTO 3BapIOBAJIBHOTO
TpaHcopMaTopa MOXE CYTTEBO BIUIMHYTH Ha SIKICTh
3BapHOrO  IIBa,  INBHJKICTh  BHUPOOHWITBA  Ta
€KOHOMIYHICTBh IIPOIIECY.

TTEPEJIIK KEPEJ

[1] Lincoln Electric [Emextponumii pecypc] — Pexum
JOCTYILy o pecypcey:
https://www.lincolnelectric.com/en-
gb/support/welding-howto/Pages/welding-how
to.aspx

[2] Miller Welds [Enekrponumii pecypc] — Pexum
JOCTYITY
1o pecypcey: https://www.millerwelds.com/resources/
welding-resources
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Pucynok 2 — Tproxdazuuii 3BaproBaibHAN
TpaHcopmaTop

M&MS 2024, 25-26 October, Kharkiv, Ukraine


https://www.millerwelds.com/resources/welding-resources
https://www.millerwelds.com/resources/welding-resources

Po3p0o0sIeHHS TEXHOJIOT1] NapaJIeIbHOTO KEPYBAHHS 32

JOIIOMOTI010 BeOIHTEp(DEHCY MOOUIBHUM POOOTOM ITif

kepyBaHHSIM ROS

Onekcint CIDapaq)OHOB1 , Haramis CDpraHOBaz, Onekcanjp Majmii’
1. Kadenpa inpopmariifHIX TEXHOJIOTiH eNeKTpOHHNX 3ac00iB, HamionansHui yHIBEpCHTET «3aropi3bka MoJiTeXHIKay,
YKPAITHA, 3anopixoxs, Bys1. XKykoscbkoro, 64, email: farafon@zp.edu.ua
2. @axynpreT iHGOpManiiiHOi Oe3NeKkH Ta eIeKTPOHHNX KOMYyHiKalil, HamionansHuMIA yHIBEpCHTET «3aropi3pka HOITeXHIKay,
VKPAIHA, 3anopixoxs, By:1. XKykoscbkoro, 64, email: nfurmanova@gmail.com

Annomauyin: Y cydyacHOMY CBITI aBTOHOMHI POOOTH
BIJIITpaloOTh BAXIIMBY POJIb Y PI3HUX cdepax AisuIbHOCTI,
Bl MPOMHUCIIOBOCTI 70 MmoOyTy. OnHi€0 3 KIHOYOBUX
TEXHOJIOTIH /sl KepyBaHHS TakuMmu pobotamu € Robot
Operating System (ROS), sika 3a0e3neuyye rHyYKiCTh Ta
MacitaboBaHICTh CUCTeM KepyBaHHS. OIHaK BHHUKAE
HEOOXiHICTb y po3po0JeHHI e(EeKTUBHUX METO/IB
HapajebHOTO0 KepyBaHHs poOOTaMH 3a JOMOMOTOFO
BeOiHTepdeliciB, 0COOIMBO ISl MiHIATIOPHUX POOOTIB 3
0OMEXeHUMH MOXJIMBOCTSIMH iHTepHeT-Tpadiky. Lls
CTaTTS NPUCBSIYCHA  PO3POOJICHHIO  TEXHOJIOTii
napajeslbHOro KepyBaHHS MOOUTBHUM pOOOTOM  TiJl
kepyBanHsiM ROS 3a gomomororo BebGiHTEpdeEHCy.
PO3rNIsSHYTI OCHOBHI  aCHEeKTH CTBOPEHHS CHUCTEMH
KepyBaHHs, BKIIOYHO 3 HAJAlITYBaHHSIM 3B SI3KY,
00po0OKOI0 JaHMX 3 JaT4uKIB Ta iHTerpaimieto 3 ROS2.
OcoOnuBa  yBara  NPUAUISETBCS  BUKOPHCTAHHIO
texnosnorii WebSocket st 3abesnedeHHs peajbHOTO
Yyacy OHOBJICHHS J@HUX Ta B3a€MOIIl MK poboToM i
MaHEJUTIO KePYBaHHSL.

Knwwuosi cnoea: WebSocket, eebinmepgheiic, ROS,
pobomomexHika, — YNpaeuiHHA, — namenb — Kepy8amms,
006pobKa oanux

. BCcTvin

Ilix wac pobOTH 3 ABTOHOMHUMH pPOOOTaMHU IIif
kepyBanHssM ROS  iHOmI  BHHUKaE  HEOOXIJHICTH
KepyBaHHS pOOOTOM Bpy4HY. 3a3BH4ail aBTOMAaTH4YHA Ta
py4Ha cHCTeMH KepyBaHHS He IOB’s3aHi OJJHE 3 OIHOIO.
KepyBaHHs 3OIMCHIOETBCS 32  JOIMOMOTOK  Kamep
BiIIaJICHOTO CHOCTEPEKEHHS Ta BIIOKPEMIICHOTO KaHAITy
KoMyHikamii. OfHak IMpH BUKOPHUCTaHHI MiHIATIOPHUX
poOOTiB 3 OOMEXEHHMH MOXJINBOCTAMH IHTEPHET
Tpadiky HaWOLIBII  JEIIEBUM Ta  YHIBEpPCAIbHUM
pIIIEHHSM € pO3pOONEHHS CHUCTEeMH KEpyBaHHS 3a
JIOTTIOMOTOI0 iHTEepHET-Opay3epa. Opranizamis
CIIOCTEPEKECHHST MOXKE 3IIMCHIOBATHCS 3BUYAWHUMH
BeOKamMepamH.

Texnomoriss ROS aKkTHBHO BHKOPUCTOBYETHCA IS
pO3B’s3aHHA PI3HUX 3a7ad poboToTexHiku. Tak, B [1]
onmcaHa Iardopma IS HaBYaHHS POOOTOTEXHIIN, sKa
BHUKOpHCTOBYEe BeOTexHomorii Ta ROS mns cTBOpeHHS
IHTEpaKTUBHUX HABUYAIBHUX 3aBOaHb. B polOoTi [2]
PO3TTSAIAIOTECS TOKPAIICHHS B YIPaBIiHHI poOoTamu
Yaskawa 3a momomororo ROS, 30kpema, 3MEHIICHHS
3aTPUMOK 1 TOKpamieHHs TOYHOCTI Tpaektopii. B [3]
ormmcaHo 06i6mioteky roslibjs, ska Hamae MOKIMBICTH
B3aemoziat 3 ROS uepe3 BeO6Opay3ep, BAKOPUCTOBYIOUN

BeOCOKeTH JiIst Iy OuTiKarlii, MiAMUCKA Ta IHIMX QYHKIIHN.
[Mutanust kepyBaHHS poOOTaMH 32  JIONIOMOTOIO
texuromnorii ROS migHiManocs Takox i B po6oTi [4].

Meror0o  1BOTO  JIOCHI/DKEHHST €  PO3POOJICHHS
TEXHOJOTii  MapajegbHOro  KEepyBaHHS  MOOLIbHHM
poborom mixm kepyBaHHsM ROS 3a  J0momMoror
BeOIHTEpdeEiCy.

1. BUBIP ®PEMIMBOPKY

OpeitvBopkn ROS1  ta ROS2  mnpusnaueni s
PO3pOOKH MTPOrPaMHOro 3a0e3nedeHHs i POOOTIB, aje
BOHM MarTh JesaKi Baxiausl BigminHocti. Opna 3
KIIOYOBUX BIAMIHHOCTEH IMOJIArae B MiJuiBapi, SKHA
BUKOPUCTOBYETHCS U1l KOMYHIKalii MK KOMIIOHEHTAMH.
ROS1 Buxopucropye XML-RPC nns B3aemomii mik
By3namu. Lle Moxe OyTn MeHII e(eKTUBHUM Yy BEJIUKHX
cucremax. ROS2 BukopuctoBye Data Distribution
Service, skuii 3abe3nedye Bully e(QEKTUBHICTS,
Ha/IIHICTh, HU3bKY 3aTPUMKY Ta MacIITa0OBaHICTh, a
TaKOXX JIO3BOJISIE HAJIAIITOBYBATH IapaMeTpPHU SIKOCTI
obcnyroByBanns [5]. Illo crocyeTrbcsi apxiTekTypw,
ROS1 mae ROS Master, 1o BiAnoBifae 3a peecTpariio ta
BIJICTE)KEHHS BY3IIIB. ROS2 BUKOPHCTOBYE
JICLICHTPAI30BaHy ~ apXiTEeKTypy, Je BY3IH MOXYTh
B3aeMoisaTH 0e3 mocepenHuITBa MaiicTpa. Lle monermye
pO3ILIMPEeHHs Ta poOOTy B PO3MOALTIEHUX crucTeMax. Kpim
Toro, neski peanizaumii ROS2 migrpumyrors Oijbiie
wiatpopM Ta CHOPSIMOBaHI HA MIATPUMKY pPEaIbHOIO
yacy. ROS2 mae nokpaiiieHy migTpuMKy Ui poOOTiB 3i
CKJIaJIHOI0 KIHEMAaTHKOI, pOOOTIB 3 pealbHUM 4YacoM, a
TaKOX MiATPUMKY POOOTIB Ha BiaIeHUX MiaTdhopmax.

Takum wmaOM, ROS2 — me moxpamena Bepcist ROS,
sgKa BpPaxoOBYy€ JIOCBiI Ta BUMOTH pOOOTOTEXHIKH
CBOTOJICHHL.

1. PO3POBJIEHHS IIAHEJII KEPYBAHHS

Ha mouatkoBux eTamax po3poOJEeHHS KepyBaHHS
poborom 3miticarorore Ha 6a3i SHH  3’emmanns Ta
O0azoBux mporpam B cumcremi ROS2.  Yacro
BUKOPHCTOBYIOTBCSL PI3HOTO pOMYy JKOWCTHKH, IrpoBi
MaHIMyJIATOpH Ta HAaBiTh KiaBiaTypa. MoXXHa HaBECTH
npuknaan B maketax ROS2 teleop twist joy.cpp abo
teleop_twist_keyboard.py.

Jnst kepyBaHHS B Tpa(iqHOMY PEXKUMiI MOXXKHA ITiTH
JIBOMA [UISIXaMH:

1. BukopuctanHs TpaHCIALII BiggazeHoro podbodoro
CTOJly 3a JOMOMOTOI0 TaKMX pileHp sK Remmina,
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TeamViewer, NoMachine Ta 0araTb0X IHIIMX B
3aNIeKHOCTI Bifl KoH(iryparii oOmamaanas. [lpu mpomy
iHTepdelic KepyBaHHS pO3TAlIOBaHO Ha poOOTi, mHIO
BUMAra€e INBHJKOTO IHTEpPHET-3’€IHAHHS Ta 3HAYHUX
00OYUCITIOBAaHUX TTOTYKHOCTEH.

2. BukopucTaHHS MpOrpamMy, 10 € HaAOYOBOIO IS
TEepMIiHAIBHUX TPOTpaM KepyBaHHs. Take pillleHHs
PO3pOOIISETHCS TMi BiMIOBIIHY ONEpaliiiHy CHCTEMY Ta
BCTaHOBJIOETHCA Ha BijytaaeHomy [1K omepaTtopa.

[epmie pimieHHS HEMOXJIMBO 3aCTOCOBYBATH IS
pobotiB 3 MaJICHFKAMH  OOYHCITIOBaJIBHUMHU
MOTYXHOCTAMH. JIpyre pillleHHsS BUMarae po3poOJeHHs
TIaHeJl KepyBaHHS I/l BIANOBIHY OIEpaliifHy CHCTEMY.
Obunsa pileHHs HEMOXIIBO 3aCTOCOBYBAaTH
0e3mocepe/IHbO MPU KePyBaHHI poOOTaMH 3 BiIaJICHUM
3’e¢mHaHHsAM 3 cuctemoro ROS2 (komm Ha poboTi
BCTaHOBJIEHA TIJbKU IJIaTa KOHTpoJsiepa). BinmmosimHo,
BUKODUCTaHHS  BeOMaHeNned  KepyBaHHS  BHIVISIAE
JICIIEBUM Ta IIPOCTUM B peaizallii pilleHHsIM.

[Ipu po3poOiieHHI naHeni kepyBaHHs Ha 0a3i iIHTEpHET-
Opay3epa OJHIEI0 3 BEJIMKUX MPOOJIEM € aBTOMATHYHE
OHOBJICHHSI JaHUX. SIKIIO CHUTHAIM 3 JaTYMKiB poOOTa
MOKHA  BHBECTH 0€3MOCepeIHRO HA MaHeNlb Ta
OHOBIIIOBATH B peallbHOMY Haci, TO JaHi 3 TomikiB ROS,
OCOOJIMBO TPOMIDKHI JaHi MiJ Yac aBTOMATHYHOTO
KEpyBaHHS, OTPUMATH CKJIa HIIIIE.

Hagememo  mpuknaa.  HeoOximHo — 3abe3medyuTd
ABTOHOMHE KepyBaHHs MOOUTBHUM poOoToMm. HaiOinbim
NPOCTHM DIlICHHSM € BHKOPUCTAHHSI OJIHOIIATHOTO
KOMIT'IOTepa 31 BCTaHOBJCHOIO cucTeMoro Linux Ta
ROS2. Opnak, BpaxoBYIOUM BHKOPHCTAHHS pPOHOBUX
piueHb Ta OOpoTHOY 3a MPOCTOTY Ta MiHIATIOpPHU3AILiIO,
JOBOIUTHCST BUHOCUTH cucteMy ROS2 Ha Bignaneni [TK
Ta MOKJIAAATHCS Ha IHTEepHeT-3’eqHaHHs. To/ll aBTOHOMHA
pOOOTOTEXHIYHA CHCTEMa MOXKE [EePETBOPUTHCS Ha
JiellieBe pILIeHHS, sIKe JIerko MaciutaOyerbes. Hexai
MIPUKJIaI0M OyJie cIyryBaTti poOOT i3 IUIATO0 KepyBaHHs
Ha 0a3i uuriB esp8266 abo esp32 (puc.1).

Puc.1. Po6ot 3 maToro kepyBaHHS Ha 0a3i dirma esp8266

3a3Buyaii BeO-iHTEepdeiic KepyBaHHS POOOTOM MOXKE
BUIIISIATH JOCUTH POCTO (pHC. 2).

EnementamMu kepyBaHHS B I[bOMY BHIAJKy € KHOIKH
a00 HKOUCTUK. Y BHIA/AKy KEpyBaHHS ONEPAaTOPOM IaHi
IIPO CTaH EJIEMEHTIB KepPyBaHHS MalOTh MyOJIiKyBaTHCS Y

72

tomiku cuctemu ROS2. [laHi 3 maTumkiB poboTa MaloTh,
OKpiM BiZJOOpa)KeHHSI B TIOJISIX BEOCTOPIHKH, TaKOX
norparuiatd B Tomiku cuctemun ROS2. Oxpim 1poro,
JIoJIaTKOBa iH(popMaIlis 3 JpaiiBepiB ABUTYHIB a00 iHIIA,
Ky HE TOTpiOHO BimOOpakaTH B MaHENI KepyBaHHS,
MOKE 3HaJIOOWTHCS I OOpOOKM [aHWX CHUCTEMOIO
ROS2.

Bin cucremun ROS2 Takox MOTpiOHO OTpUMYBaTH
JaHi, sK MiHIMyM, s iH(pOpMamiiHOi 00i13HAHOCTI
orepaTopa IMiJi Yac MacHBHOTO MOHITOPHHTY pOOOTH
ABTOMAaTUYHOI CCTEMH KepyBaHHs. ToOTO naHi 3 TOMIKIB
ROS2 maroTh HagxoauTH Ta BiZOOpaKaTHCh y MOJAX
BeOOpay3epa. IIporec MOBHHEH BiOYBATHUCSA B PEXKHUMI
PEaNBHOTO Yacy BIAMOBIMHO 1O MIBUIKOCTI pPoOOTa Ta
BUMOT II0/I0 TPENN3iHHOCTI KEpyBaHHSL.

Posizione X100 |
Posizione Y:l 100 |
DiIezione:lC |
X :|[J |

Y :| 0 |

Connect

(LEFT [ RiGHT |

LED on | LED off

P
LEFT_SCAN | RIGHT_SCAN |

Puc.2. lpukinan naneni kepyBaHHs poOOTOM

B3aemomiss  pobora 3  MaHENI0  KepyBaHHS
3MIHCHIOETBCS 3 BUKOPUCTaHHSIM (YHKIIH javascript Ta
texHonorii  WebSocket. Jlns moOynoBu — cuctemu

KOMYyHiKalii MDK poOOTOM, BiJJIAJICHOI0 CHUCTEMOIO
ROS2 ta naHemw o kepyBaHHS B Opay3epi HEOOXiIHO
CTBOPHUTH TaKi POTPAMHI eJIeMEHTH:

1. BesmocepenHr0 B MIKPOKOHTPOJIEPI HAIAMITOBYEMO
3B’S30K:

WebSocketsServer webSocket = WebSocketsServer(81);
ESP8266WebServer server(80);
Ta BCTAHOBHUMO
void setup(void) {
server.begin();
webSocket.begin();
webSocket.onEvent(webSocketEvent);
}
2. BiacunmanHsI JaHUX y TEKCTOBOMY BHTJISAL 3 esp8266
BUIIAAA€ HACTYITHUM YAHOM:
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void loop() {
webSocket.loop();
server.handleClient()
webSocket.send TXT (num, x, strlen(x));
}
3. OyHkiIis poOOTH 3 amapaTHHMHU JpaiBepaMyd poOoTa
IUIA pyXy BIIEPE 3aAA€THCA Y BI/IFJ‘IHJIiI
void forward(int velocity)

4. KepyBamns 3  Opaysepa (html
3a0e3MevyeThCst TAKUMH (PyHKIISIMH:

Onuc KHONKH KepyBaHHS:

<body>

<button onclick="ev(1)'>UP</button><br>

CTOpIHKa)

</body>

4.1. CTBOpEHHS COKETY:
<script>

var soket;

function web()

{
socket = new WebSocket(‘ws://172.16.1.1:81");

3
</script>

<script>

4.2. OyuHkiis BIACWIAHHS JaHUX Ta BCTAHOBJICHHS
mBuakocTi Big 0 10 9:

<script>

function ev(type)

if(type==1)
socket.send('w'+'9");

if(type==2)
socket.send(‘'a'+'9");

if(type==3)

</script>

5. Ha cropoHi MIKpOKOHTpoOJIepa KepyBaHHS, OKpIM
¢GbyHKUIT pyXy Briepea, MoTpiOHa (GYHKINS st 00poOKu
TMTOBiJIOMJICHb:

void webSocketEvent(uint8_t num, WStype t type,
uint8_t * payload, size_t length){

switch(type)
{
case WStype_DISCONNECTED:
break;
case WStype_ CONNECTED:
{
IPAddress ip =
webSocket.remotelP(num);
}
break;

case WStype TEXT:
if((payload[0] == 'w") & (payload[1] !=
{ // BIepen

int pay = payload[1] - '0";
forward(pay);

webSocket.send TXT ((num,
char_pay, strlen(char_pay));

}

break;
case WStype_BIN:

hexdump(payload, length);

}
webSocket.sendBIN(num, payload, length);
break;

}
}

6. Ha xomm’totepi 31 BCTAHOBJIGHOIO Ta 3aMyHICHOIO
CHUCTEMOIO ROS2 CTaHJIapTHUMHU METOAUKAMHU
cTBOproemo publisher Ta subscriber [6]:
self.publisher_request = self.create_publisher(String,
'ros2_request_topic', 10)
self.publisher_response = self.create_publisher(String,
'ros2_response_topic', 10)
self.subscriber_request = self.create_subscription(String,
'ros2_request_topic', self.callback_request, 10)
7. [Anst cCTBOpEHHS KaHaJiB KOMYHiKallii BHKOPUCTOBYEMO
6i0MiOTEKH:
import websockets
import asyncio
8. Jlns BigmpaeieHHs mMoOBioMieHb 13 Tomiky ROS2
BI/IKOpI/ICTOByCTI)CSI YaCTUHaA KOOy y BI/IFJ'IH)]iZ
def main():

rclpy.init()

node = MyNode()

websocket_uri ='ws://172.16.1.1:81'

try:

if message:

asyncio.get_event_loop().run_until_complete(send_we
bsocket_request(node, websocket_uri, message))
else:
break
finally:
node.destroy _node()
rclpy.shutdown()
9. Peamizamist (yHKIIl, [0 BUKOPUCTaHA B apryMEHTI
MONEPEIHBOI, BUTIISIIAE TAK:
async def send_websocket_request(node, uri, message):
async with websockets.connect(uri) as websocket:
await websocket.send(message)
response = await websocket.recv()
# IlyOmikarmist BiApaBIEHOTO TOBIIOMIICHHS B
TOmiK 'Tos2_request topic'
msg_request = String()
msg_request.data = message
node.publisher_request.publish(msg_request)
# IlyOmikamiss OTpMMaHO! BiATIOBiAI B TOMIK
'ros2_response_topic'
msg_response = String()
msg_response.data = response
node.publisher_response.publish(msg_response)
OpmHOoYacHe BHKOPHICTAHHS TEXHONOTii websocket Ta
CTBOpeHHs BeOiHTepdeiicy kepyBaHHS pPoOOTOM uepe3
Opay3ep Hama€e MOXXIHBICTH IOBONI JIETKO CTBOPHUTH
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MOBHOLIIHHY CHCTEMY BIJJTAJICHOTO KEpyBaHHSI Ta
MOHITOPUHTY MIHIaTIODHUX aBTOHOMHHX pOOOTOBI 3
MOJKJIMBICTIO MacIITaOyBaHHS KINBKOCTI Ta IIOJIETIIY€E
JMOCTI/DKCHHST POHOBUX TexXHOJNoOTiH. BukopucranHs
JEKUTBKOX MEPEeXHUX KapT Iue Oulblie pO3LIMpPIOE
MOJKJIMBOCTI KEpYBaHHS Ta MOHITOPHHTY pOOOTIB 3
onHi€el 0a30Boi craHmii. HacTymHAM By3bKUM MiclieM €
3aIllyCK JIEKUIBKOX 1305Ib0BaHMX ek3eMInisipiB ROS2 Ha
omHomy IIK pmns  mapanenbHOrO  aBTOMATHYHOTO
KepyBaHHsi poOoTtamu. lle moTpeOye monmambImMx
JIOAATKOBUX JOCII/IKEHB.

V. BUCHOBKU

TexHouorii mapajeirpHOro KepyBaHHS 32 JOIIOMOTOFO
BeOiHTEepdeiicy MOOUTBHUM pOOOTOM I KepyBaHHSIM
ROS wmatots psin nepesar:

—  e(eKTUBHICTh Ta MAaCIITA0OBAHICTD;
—  OHOBJICHHS JJaHUX Y peasIbHOMY Yaci;
—  TPOCTOTa iHTerparii;

—  PO3BHUTOK POHOBUX TEXHOJIOTIH.

Tak, BeOiHTepdelcH  T03BOJIIIOTH  CTBOPIOBATH

MaciiTaOOBaHI Ta CKOHOMIYHO BHUTIIHI PIIICHHS IS
KEpyBaHHS  aBTOHOMHUMH  poGoramu.  Po3poOka
TEXHOJIOTii  MapajelbHOr0  KEePyBaHHS  MOOUIBHHM
poboTom 3a nonomororo BeOiHTepdeiicy Ha 6a3i ROS2
JEMOHCTPY€ e(heKTUBHICTh BUKOPHCTAHHS
BEOTEXHOJIOTIM JIIsi CTBOPEHHS MaciuTabOBaHUX Ta
€KOHOMIYHO BUTIJIHUX DillICHb.
Bukopucrants MikpokoHtposepiB ESP8266 a6o ESP32
y mnoemHaHHI 3 BeOcokerammu Ta JavaScript Hamae
MOJJIMBICTh 320€3MEUMTH peajbHUl Yac OHOBIICHHS
JIAHUX Ta IHTepaKkTHBHE KepyBaHHs. Lle pimeHHs crnpuse
PO3BUTKY aBTOHOMHHUX pPOOOTOTEXHIYHHX CHCTEM Ta
JOCIII/DKEHHIO POMOBHX TEXHOJIOTIH, 3a0e3rnedyroun
MIPOCTOTY IHTErpalii Ta THY4YKICTh Y BUKOPHCTaHHI.
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Anomayia® Y JONOBii PO3MIBIIAIOTECA IHTENICKTYalbHI
CHCTEM YINpaBIiHHA POOOTOTEXHIYHUMH 3acobamu y cdepi
TYMaHITapHOTO pPO3MIHYBaHHS i3 3aCTOCYBaHHSIM METOJIB
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YIIpaBIIiHHS.

. BcTvin

YHacII0K pPOCICHKOr0 BTOPTHEHHsI YKpaiHa cTajia
OJIHi€I0 3 Hali3aMiHOBaHIIINX KpaiH y CBIiTi. 3a OIL[IHKaMU
Opranizanii OO'eqnannx Hamiid, Oyno BCTaHOBIIEHO,
HaNpHKIaJ, 10 32 POKU BiitHH, Omu3bko 30 % Tepuropil
VYxpainu (npubmuzuo 270 000 kB. KM.) 3a0pyJHEHO
BUOYXOHEeOe3NeuHuMHU  npeaMeramMmu  (MiHH, CHApSIH,
aBiaboMOu TOI1110), 1110 He po3ipBanucs. Ha po3amiHyBaHHs
TEPUTOPIH, 3a0pyTHEHHX BUOYXOHEOE3NEeUHUMH
npeaqmeramu (BHIT) nige no 100 pokis. Ypsin Ykpainu
CTaBUTh 3a MeTy, mo0 3a gecsitb pokiB 80 % 1ux
TepuTopiii Oynu obcTexeHi Ha HasBHiCT, BHII Ta Oynm
Oe3reyHMHU Oe3NeUHUMH VIS KUTTEAISIIBHOCTI MUPHOTO
HaceJieHHs Ta BIHCBHKOBHX 1 HeoOXigHa 0Oa3yBaTHCh Ha
KpPEaTUBHOCTI TMIAXOAYy JO CHCTEMH TyMaHITapHOTO
PO3MIHYBaHHS 13  3aCTOCYBaHHSM  pOGOTOTEXHIYHHX
komiuiekciB (PTK).

I'ymaHiTapHe pO3MIHYBaHHS — KOMIUIEKC 3aXO0JIiB, SIKi
MIPOBOAATBLCS 3 METOO JIKBiAaIil HeOe3nek, MoB’ sI3aHuX
i3 BuOyxoHeOesneunmmu  mpeameramu  (BHII),
BKIIIOYAIOYM HETEXHIYHE Ta TEXHIYHE OOCTEe)KEHHS
TEPUTOPIH, CKIIaICHHS KapT, BUSBIICHHS, 3HEIIKOKSHHS
Tta/abo 3HmmieHHs BHII, wmapkyBaHHS, MiATOTOBKY
JOKYMEHTAIlll TICI PO3MIHYBaHHsS, HAaJaHHS TpOMajaM
iHpopMaIlii m0A0 MPOTHUMIHHOI AISUIBHOCTI Ta Mepeaady
ountieHoi Tepurtopii [1].

['ymaniTapae po3MiHyBaHHSA y TEpIIly dYepry
CIIPSIMOBaHE Ha 3MEHINEHHS IIKiMBOTO (akTopy mii
BHII Ha »)uTTemisIBHICTD TOAeH. MeTa TyMaHITapHOTO
PO3MIHYBaHHS TMOJISTa€ B TOMY, MO0 3HU3UTH MIHHY
HeOe3MeKy 0 PiBHA, NMPH SKOMY JIFOJU MOXYTH JKUTH
0e3rmeyHo; Tpu SKOMY EKOHOMIYHHWH, COIiambHHUN 1
¢izionoriyAMiA  PO3BHTOK  MOXE  3AiHCHIOBaTHCA
0e3IepenmKoHO, He HapaKalo4YUCh BIUIMBY OOMEXEHb,
[0 BUKJIMKAIOTHCS BIUTMBOM Ha3eMHUX MiH [21].

CrocoBHO  OofoBMX Aif Ta  TyMaHITapHOTO
pPO3MIHYBaHHSI XapaKTepPHHM € 3pPOCTAaHHS YBard Jo
npobJieM CTBOPEHHS Ta 3aCTOCYBaHHS POOOTOTEXHIYHHX
KOMIUTEKCiB BifickkoBoro mnpusHaueHHs (PKBII). ILle

oOymoBmtoeTbest HamaranHsM CIHIA Tta iHmmMX KpaiHn
HATO no 30epexeHHs KUTTA conjgara B 0o, B
KOHTEKCTI sikoro BukopuctanHs PKBII pmo3Bonse
JocsrTd mo3uTuBHI pesyibrati [3]. Kpim Toro, s
TEHJICHIIS MOSICHIOETHCS CTPIMKUM PO3BUTKOM HOBITHIX
TexHoNorid B iHQopmauiinii  cdepi,  TOOTO
«po0OTH3aIlisH» PIZHOMAHITHUX HAMPSMIB isTBHOCTI
JIIOIMHM, 30KpeMa, BIHCHKOBOI cepu, IIIKOM JIOTIYHO
BiamoBigae 3MICTy Cy4YaCHHX KOHIIEIILIIH
MOCTIHTYCTPIaJIbHOTO CYCIIiJIbCTBA.

Buknaneni Bumie mnpoOnemu, Ha IyMKy (axiBIiiB,
MaoTh ~ OyTM  BHUpIlIEHI TUIBKM B KOMILIEKCI
OpraHi3aliiHO-TeXHIYHUX 3aXOMdiB, OJHHUM 3 SKUX €
3aCTOCYBaHHS POOOTOTEXHIYHUX KOMILIEKCIB Ta CUCTEMU
BiliCEKOBOTO, CIIELiaJILHOTO Ta [OABIMHOTO
HPU3HAYCHHS.

OmHuM 3 HaJABWKIMBUX AacleKTiB BHKOPHCTAHHS
POOOTOTEXHIYHMX KOMIUICKCIB € croci0 3ificHeHHs
YIpaBIiHHS. Le M ATBEPIIKYETHCS HAOYHUMU
kiacudikanismu PKBIT [1].:

— 32 TIOKOJIHHSMH:

1) po6oTu 1-ro MOKOIHHS — MPHUCTPOI 3 MPOrPAMHHM
Ta IACTaHLIMTHUM YIPaBIIHHSM, K1 37aTHI
(YHKIIIOHYBaTH TUILKH B OPTaHi30BAHOMY CEpPEIOBHIIII;

2) poboTH 2-rO TOKOJIIHHA — aJaNTHBHI, 10 MaOTh
CUHTETHYHI OpraHu «4yTTs»» 1 3laTHI (pyHKIIOHYBaTH B
3a3/laJieTi/ib HEeBIIOMUX YMOBaX, Ta MPHCTOCOBYBATHCS
JI0 3MIHU CHUTYAIIil;

3) pobotn 3-rO MOKOJIHHA — IHTENEKTYyalbHi, MAlOTh
CHCTEMY YOpaBIiHHA 3  €JEeMEHTaMH LITYYHOTO
IHTEIeKTY;

— 3a CTYIIEHEM 3aJIe)KHOCTI BiJ] orreparopa:

1) «wmoguua B cuctemi ympasiias» (human-in-the-
loop) — mo miei kateropii BigHeceHi GE3MIIOTHI MaIIMHH,
110 3JaTHI CAMOCTIMHO BHABIIATH IIiJIl Ta 3QIHCHIOBATH 1X
CeJIEKIIif0, TPOTe PIMIeHHS MpO iX 3HUIICHHS IpuitMae
TIJBKH JTIOAMHA-0TIEPATOp;

2) «roaHA HaJA CHCTEMOO ympaBmiHHs» (human-on-
the-loop) — 1o miei kareropii HameKaTh CHCTEMH, 37aTHI
CaAMOCTIfHO BHSBIITH Ta BHOHMpaTH IIili, a TaKOX
NpUAMaTH pilIeHHS Ha IX 3HUIICHHS, aje JIoAWHA-
orepaTop, 10 BUKOHYE POJIb CIIOCTepirava, y OyIb-sIKUi
MOMEHT MOXE BTPYTHTHCS Ta CKOPUTYBaTH YH
3a0JI0KyBaTH i€ PillICHHS;

3) «roarHa 11032 CHCTeMOI0 ynpasiiHEs» (human-out-
of-the-loop) — o miei kateropii BimHeceHi po6oTH 31aTHI
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BUSIBJISTH, BUOMpATH Ta 3HUIYBATH LTI CaMOCTIHHO Oe3
JIFO/ICBKOTO BTPYYaHHSL.

B ocHOBi HaBemeHux kmacudikamii € BiAMIHH Yy
cucremi  ympasminass PKBII, T100TO piBeHp il
«IHTEJNEKTYaJbHOCTI», M0 pOOHTH pO3pOOKYy TaKHX
CHCTEM JyX€ BaKJIMBOIO TEMOIO 3 HAYKOBOI TOUKH 30DY.

1. BUKJIAJTI OCHOBHOI'O MATEPIAJTY

PoGoTr o cTBOpeHHIO0 pOOOTOTEXHIYHMX 3acO0IB Ta
CHCTEM, BKITIOYAFOYHU poOOTOTEXHIYHI 3aco0u
BiliICBKOBOTO (ronBiitHOTO) Ta CHELiaIbHOTO
MPU3HAYCHHS IIUPOKO BEAYThCS B YCHOMY CBITI [2.

Tak, excrmepraMu 3 pO3pOOKHM Ta BHPOOHHUIITBA
MOOUTBHHX ~ pPOOOTOTEXHIYHMX  KOMIUIEKCIB  JA€THCS
BU3HAYEHHS «IHTEJEKTYaJIbHOTO po0OoTay, SIK TaKOTo, 10
Ma€e TaK 3BaHy MOZEJb 30BHIIIHBOIO CBITY 4
BHYTPILIHBOTO CEPEJOBHIIA, SIKa JJO3BOJISIE POOOTY IisTH
y HeBU3HAYECHOMY iH(opMaIliiiHOMy cepenoBuii [3].

Takum unHOM, iHTenekryanpuuii PTK - e podor, mo
BKJTIOYAE IHTENCKTyalbHy cucteMy yrpasiiaas (ICY).

ICY o3Hayae KOMI'TOTEpPHY CHUCTEMY IJIsl BUPIILICHHS
3aBllaHb, SKi JIIOAWHA HE MOXE BHPIIIUTH B PEXUMI
peaspHOrO  4acy, a0o iXHE pillleHHS BUMarae
ABTOMAaTU30BaHOI MIATPUMKH abo0 Jae pe3yibTaTH, SKi
MOXKHa TIOPIBHSITH 3 PIlIEHHSAMU JOMuHU. [Ipu 1pomy,
cepeJ HIIOTro, MAeThCsl HA YBa3i, IO JUIs PO3B'SI3yBaHUX
3aBaanb ICY He nependavae MOBHOTH 3HaHbB, a cama ICY
IIOBHHHa MaTu MO)KJ'II/IBiCTI) YIOpAAKOBYBATH JIaHi Ta
€KCTIIePTU3y 3 BHIUICHHSM CYTTEBUX MapaMeTpiB,
MIPUCTOCOBYBATUCSL A0 3MiH Habopy ¢akriB i 3HaHb,
TOLIO.

OTxe, HE3BaXKAIOYM Ha 037U 3aMpOITOHOBAHHUX
KpUTEpIiB  IHTEJNCKTY,  HalCyBOPIIIOK  BHMOTOIO
3QIIMIIAETHCS T, MO POJIb JIOAWHU mpH B3aemoii 3 ICY
[IOBMHHA 3BOJMTUCS JHUIIE OO0 NOCTAaHOBKM 3aBIAaHHSL
IHTeNneKTyabHI CHCTEMH € HEOOXiTHHM KOMITOHEHTOM
JUIS BUPIMICHHS 3aBJaHb CTBOPCHHS MOJCII CBITY,
CHUCTeMHU IUIAaHYBaHHS [Miii Ta KepyBaHHs IaMH. baza
3HaHb B IHTEJEKTYyaJbHHX CHCTEMax € OfHI€ 3
OCHOBHHUX YaCTHH MOJIeJIi CBITY Ta Tl TpaHchopMaIiiHux
GbyHKITI.

BukopucranHs BepOalbHUX METOIIB JUIs 1MOOYI0BH
cucreMm npuitasTTsa pimens (CIIP), € ocaosoro ICY [3].
Ha ocHoBi BepOanbHOi iH(pOpMaIii, oJep>KyBaHOT Bil
€KCIepTIiB B TepMiHax ix mpeaMeTHol 00nacTi, Ta METOY,
o0 HAJNeXUTh 1O BEpOATBHOTO aHAN3y pillleHb,
OyayeTbcs  Tak 3BaHE  «BUpIMIANBHE  IIPABUIION.
BupimansHe mnpaBwiIo y BHDLLAI TAaONUII  MiCTHTH
BepOaTbHUN (KpUTEpiaTbHUI) OMHC BCIX MOKIUBHX
CUTYyaIliif, [0 MOXYTh BUHHUKHYTH, SKi PO3IOMIJICHI IO
kmacax. Kmac — me pimeHHS, sKe TPUAMAEThCA Y
CHUTYaIlil, 0 CKJaiack. BupimansHe mpaBuito OyayeTbes
Ha OCHOBI JIOTIYHUX, SKICHUX IEPETBOPEHH BepOaIbHIX
3MIHHHX 32  JOTPUMAaHHAM  ICHXOJOTIiYHOI  Ta
MaTeMaTHYHOI KOPEKTHOCTI LIUX NEPETBOPEHb.

Bce 11e 1ae migcraBu cTBEpIDKYBATH, IIO:

- 3apa3 HanOimem mnommpeni PKBII mepmmoro
TTOKOJIHHS (KEPOBaHi MIPHUCTPOI);

- MIBUAKO YAOCKOHAIIOKOTHCA CHCTEMH IPYroro
TTOKOJIiHHS (HaIiBaBTOHOMHI TIPUCTPOI);

- ans nepexony ao BukopuctanHs PKBII Tpetsoro
MOKONIHHS ~ (aBTOHOMHHX  IIPHCTPOiB)  HEOOXimHO
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po3pooutn  ICY Ha 0a3i TEXHONOTIH IITYYHOTO
IHTEJIeKTY;
- MaTEeMaTH4Hi, KIJbKICHI METOOM € HaWOIIbII

noumpeHnMu 1mozo nodyaosu ICY.

AJle MOKIMBOCTI 3acTocyBaHHS aist mooynosu CIIP
KIJIBKICHUX METOJIIB 4acTO OOMEXeHi. Y TaKux MeTonax
POOUTHCS HESIBHE MPUITYIIEHHS, 110 JIFOAMHA OJHOPAa30BO
BUMIPIOE JICIKHEM KUIbKiCHUH mapamerp. OTpumane
3Ha4YeHHs € €MHUM, 10 BijgoOpaxkae mepeBary ocoOw,
o npuiimae pimenns (OI1P).

SAx Bimomo, OIIP He € TOYHMM BHMIipIOBATEHUM
MpUIIaZoM, 10 HE JOIyCKae MOXHOKM NpPH KiJIbKICHUX
BuMipax. llcuxogizuka mae KUIBKICHI MiITBEPIKCHHS
HETOYHOCTI JIIOAMHM B BUMIpl (i3MUHUX NapaMeTpiB
(Bara, noBXHHA, TOmIO). Sk HaCHiIOK, Oe3mocepemHe
MPU3HAYeHHs] KIJIBKICHMX Bar KpHUTEpIiB  3aBXKaU
3MIHCHIOETHCS 3 TOMHJIKaMH [3].

VY Takiii cutyauii excriepTHi (BepOaibHi) OLIHKH €
€IMHUM 3ac000M BHpilIeHHs NoAiOHuX 3aBnanb [3]. do
nepeBar eKCIEepTHUX OMIHOK TaKoX MOXKHa BiJHECTH
MIPOCTOTY 3aCTOCYBAaHHS JJIsl IPOTHO3YBAaHHS MPAKTHYHO
Oy/b-SIKMX CHTYyallilf, B TOMY YHCJi B YMOBaX HENOBHOI
iH(popMarii.

CTOCOBHO CHCTEM MOXXHAa BUAUJIMTH TPU 3arajibHi
KaTeropii:  KOHKpeTHI  CHUCTEeMH, CHMBOJIYHI  Ta
KOHILIENTYyaJbHI cucTemMu (puc. 1).

conversion
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KoHuenTyanbHa MoOJelnb  KOHKPETHOI — CHCTEMH
HA3WBA€ThCS KOHIICHTYali3aIli€l0; HAIpPUKIAL, MOJIEIb
ICY € KoHIeNTyami3alli€l0 MpOLECIiB  YIPaBIIHHS
POOOTOTEXHIYHMM KOMIUIEKCOM. KOHKpeTHa MoOenb
KOHIIENTYaJIbHOI CHCTEMH HA3MBAETHCA pealli3alli€ro;
Hampukian, BeereHa B nito ICY sk peamizaris momeni
ICV.

KoHuenTyanbHa MOJEIb CHUCTEMH  HA3HUBAETHCS
nepeTBopeHHsAM. CHMBOJIIYHA MOJIENb KOHIIETITYaJIbHOT
CHCTEMHU Ha3WBa€ThCA (HOPMYITIOBAHHSAM; CHMBOJIYHA
CHUCTEMa BUPAXKAETHCS SKOIOCH (DOPMAJIBHOIO MOBOKO -
HOTAII€I0 TSI TPEICTAaBICHHS MOIEII.

KonnentyanmsHa MOZENh CHMBOJNIYHOI  CHCTEMH
HA3WBa€ThCs iHTeprpeTamniero. CHMBONIYHA MOJENb
CUMBOJIIYHOT CHCTEMH HA3UBAETHCS TIEPETBOPCHHSIM.

IIpn mpOMy yci eTamu TMEpexoiB MiX CHCTEMaMU
BKITIOYAIOTH COIiaNbHy (BepOasibHy) B3a€EMOMII0 MiX
MOAPMH Jisi  TOOYIOBH  COI[iABHO — TPUHHSITHOTO
MOTJISTY HA KOHKPETHY CHCTEMY.

TaxuM 4uHOM, A7 peanizarii KOHKpPeTHOI cucTeMu (y
Hamomy  Bumaaky - ICY) cming  po3pobutn
KOHIICTITyaJTbHY MOJIETh Ha OCHOBI BepOaIbHUX METO/IB,
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sIKa JO3BOJIMUTH C(OPMYIIIOBATH CHUMBOJIYHI MOJENI Ha
00paHUX HOTAITIsX.

Tomy akryansHOIO € KoHmentyamizamis ICY
pOOOTOTEXHIYHIMU KOMILJIEKCAaMH TYMaHITapHOTO
PpO3MiHYBaHHS HAa OCHOBI BepOaIbHUX METO/IB.

s Momenb TOBMHHA HaJaBaTH  MOXIIMBICTh
peaizoByBatu ICY, sxi 6:

- Oyiu ONM3BKI 10 JIIOJICBKOTO CHOCO0Y BHPaXKEHHS
3HaHB;

- IPYHTYBaJMCS Ha €KCIIEPTHHX 3HAaHHSIX B 0OpaHOi
MIpeIMETHIHN raysi;

- BUJIaBaJIM OJIHO3HAYHUH PE3yIIbTaT;

- mependavany y4yacTh JIIOAWHH JIMIIE Y YacTHHI
CTBOpCHHSI/3MiHH 0a3¥ 3HAHb.

OCHOBHI TNpPUHIMIK BEepOATBHOIO aHali3y pillleHb
c(hopMyIIbOBaH1 HACTYITHUM YHUHOM [3]:

- BUKOPHUCTaHHS ]ISl ONMCY MPOOJIEeMH BU3HAUEHb Ta
(hopMyIIIOBaHb OIIIHOK BapiaHTiB pillleHb Y BUIJISI, SKiH
€ nipupoauuM Jutst OITP, #oro pagHUKiB i aKTHBHUX TPYIL,
0e3 Oymp-sIKOTO TEPETBOPEHHS TaKUX CIOBECHUX
(hopMyITIOBaHb B KUTBKICHI 3HAUCHHS,

- moOysoBa BHUPIMIAJIBHOTO TIpaBUja HAa OCHOBI
JIOT1YHHX, SIKICHUX MEPETBOPEHb BepOalbHUX 3MIHHUX 32
JOTPUMAHHSAM  TICHXOJIOTIYHOI ~ Ta  MaTeMaTHYHOI
KOPEKTHOCTI LIUX MIEPETBOPEHb.

Tobro BepOasbHI METOIU pIllIeHb JO3BOJSIOTH
CTBOPIOBATH TaK 3BaHy «MOJIEIb OiJI0T CKPUHBKIY, JIe MU
JOCTEMEHHO 3HAEMO, SK 3HAUCHHS BUXITHUX 3MIHHUX
3aJI€KUTHh BiJl 3HAYEHb BXIAHMX 3MIHHMX Ta MOXEMO
MOSICHUTH TTOBE[IHKY MOJICIII.

VY TOif e yac iCHYIOYM METOAM CTBOPEHHsS MOZeiei
LITYYHOTO IHTEJIEKTY € TaK 3BAaHUMH «MOJIEJISIMA YOPHOT
ckpuHbku». [Ipobniema mnossirae B Tomy, o ¢axisels 3
aHaJi3y JaHWX, SIKMHA MOOyIyBaB TaKy MOJENb, HE Mae
IOBHOI SICHOCTI II[OJI0 IMOBEMIHKH MOJEMN, 1 He BUCTAYae
SICHOCTI B Ti mosicHeHHi [3].

HaiiOinpln ~ moBHO ~ mpouec — camooprasizaiii
ABTOMATUKM Ha DIBHI NPUHHATTSA PIIEHb y CUCTEMax
ynpaininHs BigoOpaxkeHo y mukmi OODA [3]. Moaens
OODA wmae y cBoiii cTpykTypi 4 0Oaratopa3oBo
nosroproBani  gii:  Cnoctepexxennst  (Observe) —
Opienrais (Orient) — Pimmenns (Decide) — [ist (Act).

Ha omepariiiHoMy piBHI Yy cuUcCTeMax yIpaBIiHHS
HAMOIBII ~ aJeKBaTHOKO  MOJEI0  MOOYAOBH  Ta
MOKPAILICHHST MPOLIECY € TaK 3BaHUH IMKJ MOKPAIEHb
Ilyxapra, 6impmn BimoMuil sk 1wk Jleminra abo UK
PDCA. Iuxn PDCA wictute 4 eranm: IlnanyBanHs
(Plan) — Bukonauust (Do) — MOHITOPHHT pPe3yJbTATIB
(Control) — Omuinka pe3ynbratis (Act)

Mopgemi OODA T1a PDCA B3aeMHO IOIIOBHIOIOTH
onHa ofHY (puc. 2).

[Iono ekcnepTHUX 3HAHb, TO BOHU MOXYTh OyTH
YMOBHO TofisieHi Ha aBa Tumd [3]. OguH i3 HEX — QaKTH,
BIIOMOCTi, Teopii, 3aBHaHHSI TOIIO, HA3MBAIOTHCA
JEKIapaTHBHUM 3HAHHIM 1 HaifdacTilie BioOpakaroThCs
y BTl TaOnuie. Bigmosigarots mutanusM «11lo me?»,
TOOTO 32 iX JIOTIOMOTO0 MOYKHA OIIHUTH PEe3yJIbTAaTH, 10
OTpPUMaHI Mig 9yac Oyab-AKO1 IisUTBHOCTI (TIpoIIecy).

Puc. 2. O6’equana monens OODA i PDCA

[HIW# THI - TrOCEKE BMIHHS BUPILITYBAaTH 3aBAaHHS,
CKJIaJaTH MY3WKY, JIKyBaTH XBOPHX, 3HaXOJIUTH
HECIIPaBHOCTI B MallMHaX Ta anaparax ToIIo, €
MpoLEeAypallbHUM 3HaHHSIM, IO BiJOOpaXKaeTbcs Y
BUTIISI cxeM mpoueciB. L[i 3HaHHS BimOBiNAIOTh Ha
nUTaHHS <«SIK 1e 3poOuTn?» 1 3 IX JOMOMOTOI MOXHA
OTpPHUMATH MOTPiOHI Pe3yNbTaTH.

B3aemonis ekcnepTHUX 3HaHb i3 00'eIHAHOIO
mozemtro OODA ta PDCA npezacraBneHa Ha puc. 3.

Orient

IIponenypanbue
suanus (Do)

JlexnapaTuBHe
3nanHs (Act)

Puc. 3. B3aemogist excriepTHUX 3HaHb Ta 00’ €1HAHOT
mozeni OODA i PDCA

[Mogin etanmiB oO'emHaHol Moxeni 3a  PIBHIMH
KepyBaHHS ITOKa3aHo Ha puc. 4.

PiBeHb NpuiiHATTS pilIeHHs

Orient ,

JlexnapaTHBHE 3HAHHS
(Control+Act)

Decide

[pouenypanbHe 3HAHHS
(Plan+Do)

d ) Act
,7  PiBeHb BUKOHAHHS

Puc. 4. Posniozin etamiB 00'eTHaHOT MOJIEII 32 PiBHAMU
KepyBaHH

Mopens, sika TpeACTaBIeHA Ha pHC. 4 BU3HAYAE
KoHIenTyansHy  Mogzens  ICY  poGoToTexHIYHUMH
KOMIUTEKCAaMH TYMaHITapHOTO PO3MiHYBaHHS Ha OCHOBI
BepOaIbHUX METOMIB (pHUC. 5).

Mopnens ICY PTK Ha ocHOBiI BepOalbHHUX METOIIB
BKJIFOYA€ TaKi EIEMEHTH:
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Puc. 5. Monens ICY PTK rymanitapHOTOo po3MiHyBaHHS
Ha OCHOBI BepOaJIbHIUX METO/IiB

- OJIOK OIIHKM CTaHy 30BHIIIHBOTO CEPEIOBHUINA —
piBeHb NPHUUHATTS pilleHb. Bu3Hayae no sKoro kiacy
BiITHOCUTBCSI HaOip JaHUX MOHITOPUHTY 30BHIIIHBOTO
CepelIoBHIIa, IO MOCTYnHB Ha Bxia. [loOymoBaHuii 3
ypaxyBaHHSIM BHPILIaJBHOTO MpaBHia, Po3poOIeHOro 3
JONIOMOTOI0  BepOaJlbHOrO  METOJy  OpJAMHApHOI
kiacudikarii;

- OibmioTeka JiarpaM TMpOIECIiB YNpaBlIiHHA —
JiarpaMM TpoOIeCiB, IO MICTSITh ONUC Habopy Ta
MOCTIIOBHOCTEH [ifi POOOTOTEXHIYHOTO KOMILIEKCY Y
BCIX mepea0davyeHUX ekcrepraMu cutyarlisx. [loaineHi Ha
KJIacH, sIKi BU3HA4Y€H1 B BUPIIIAIEHOMY IPaBHIII;

- OJIOK KepyBaHHs POOOTOTEXHIYHMM KOMITJICKCOM —
piBeHb BHKOHaHHs. IlepeTBoproe omuicH mid 3 miarpam
MPOIECiB B HA0OOPU KOMaH]I IjIsi BUKOHABYMX MCEXaHI3MIB

pobororexniuHoro komiwiekcy (BMPK). V  mexax
miarpaMd  BHOIp  CIIEHApPil0  BHKOHAHHS  IPOIECY
MPOBOAUTHECS  3TIAHO HAOOPY JaHHUX MOHITOPHHTY

30BHIIIHBOTO CEPEIOBHUIIIA;

- GibmioTexa miii — Habopu komannm miast BMPK, siki
BIJMIOBIIAIOTH [IisIM 3 JTiarpam IpoIieciB;

- eKCIEePTH — PO3POOJIAIOTh BHUpIIIAIbHE IPABUIIO,
miarpaMu mporeciB Ta Habopu komaHa a1 BMPK,
BHOCSTH BiAmOBimHI 3MiHM y pasi 3mian BMPK,
BHSIBJICHHsI HEOMNMCaHOI CHTyamii abo UIs KOMITEHCaIii
CHCTEMAaTHYHOTO BIUIMBY 30BHIIIHBOTO CEPEIOBHIIA;

- omepaTopd — MalTh MOJMIIHMBICTD OIEPATHBHO
3MIHUTH YH 3YIHHATH po0OTy POOOTOTEXHIYHOTO
KOMIUIEKCY Y pa3i BUHMKHEHHS [I03aIITaTHOI CUTYaIlil Yn
Herepe0adeHo1 3MiHH 30BHIITHBOTO CEPEIOBHIIIA.

Po3pobnena konmnentyaasHa Monxenb ICY (puc. 5)
JO3BOJISIE CTBOPHTH CHMBOINIYHI MOJAenIi B 0OpaHUX
HOTAIIiSX.

[IpuxitagoM CHMBONIYHOI MOJENi TPEeACTABICHHS
nexnapatuBHoro 3HaHHSA B ICY e CIIP «Ominka piBHA
3arpo3u BHII». CIIP micTuTh ommc KiaciB, KpUTEpiiB Ta
BHUpimanspHe mpaBmwiao. Horamis —  TepMiHHM, sKi
BUKOPHCTOBYIOTh €KCIIEPTH B OOpaHii mpeaMeTHIH
obmacri.

Knacwu piBHiB 3arpo3u BHII: am3pkwii (1) — Hk4e 3a
cepemHiit (2) — cepenHiit (3) — Bume 3a cependiit (4) —
BHCOKHIA (5).

Kpurepii - nmemackyroui o3Haku BHII (3HadeHHs
KOXKHOI O3HAKW BHOPSAKOBAaHI BijJ OUTBII AEMAaCKyHOUOTO
JI0 MEHIII IEMacKyI040ro):
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- 3ocepemkeHa Maca BuOyxoBoi peuoBumHH (K1):
Bemmka (1) — Buma 3a cepemHio (2) — cepemas (3) —
HIDKYa 3a cepeqHio (4) — mama (5).

- JIOKaJbHO po3TamoBaHa maca Metany (K2): Bemika
(1) — Bumia 3a cepennio (2) — cepenus (3) — HmKUa 3a
cepennio (4) — mana (5).

- konctpykuist BHIT (K3): xapakrepna ans BHIIT
(opma, matepian kopmycy Toio (1) — HexapakTepHa (2).

- TOpYyWIEHHS OJHOPIMHOCTI  Cepe;oBHINA, &
poamimennit BHIT (K4): Benuki (1) — Bumii 3a cepeHio
(2) — cepenni (3) — Hrxui 3a cepennto (4) — madi (5).

- HasBHICTP npoBigHoi niHii ynpasninas BHIT (KS5): €
(1) — emae (2).

- dyacoBud Moxmynb ympasiaimHa BHIT  (K6):
TOIMHHUKOBHUH MexaHi3M (1) — enexTpoHHUH Taiimep (2)
— BiacytHi (3).

- garumk nimi BHIT (K7): cefiemiunmii (1) —
MarHiTHU# (2) — ontrunmi (3) — BincyTHIH (4).

- HajgBHICTh AHTEHW [UI1  palioNpUiMaibHUX
npuctpoiB BHIT (K8): € (1) — Hemae (2).

- mmbuHa posmimenns BHIT y 1pynTi
noBepxHs 1pyHTY (1) —10 0,1 M (2) — g0 1 M (3).

Hemackytounii cran BHIT — HaGip 3Ha4eHb, Mo mae
BHIT BiHOCHO KOXHOTO KpUTEpir0 (JeMacKyro4oi
o3HakW). KimbkicTh BCIX TIMOTETHYHO MOMKIJIUBUX
nemackyrounx craniB BHII — me noOyTok KiTbKOCTI
3Ha4eHb ycix kpurepiiB (36 000 cranis BHIT).

(K5):

111. BUCHOBKHU

Ha ocHOBI MeToaiB BepOalibHOTO aHaji3y pilleHb
po3pobiena kounentyansHa Mozens ICY  PKBII
ryMaHITapHOTO po3MmiHyBaHHs. Po3pobnena moxens ICY
JI03BOJIsIE C(HOPMYJTIOBATH CHMBOJIIYHI MOJIEII B HOTAIIsX
00paHKxX BepOaIbHUX METOIIB!

- Ha piBHI NPUIHATTSA pillileHb;

- Ha BUKOHABYKMM PiBHI.

CHUMBOJTIYHI MOJIEJIi B HOTAI[IsAX 0OpaHUX BepOaIbHUX
METOMIB JI03BONISIIOTh peamizanito ICY KOHKpeTHHM
POOOTOTEXHIYHUM KOMIUIEKCOM TYMaHITapHOTO
PO3MIHYBaHHS.
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Bub1p MaTeMaTH4HO1 MOJIEI1 JIsl YIIPABIIHHSA
AKICTIO IPOAYKINT B yMOBax O€3MepepBHOTO
BUPOOHUIITBA
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Kadenpa KITAP, Xapkiscbkuii HalionansHuii yHiBepeurer pajioenektponiku, YKPATHA,
Xapkis, nip. Hayku. 14., email: danylo.iasyr@nure.ua

Anomauyis: B pmaHoMmy wMatepianmi po3riBIa€ThCs BHOIp
MaTeMaTHYHOI MOJIeTl YHPaBIiHHA SKICTIO TIPOXYKIUT JUIst
MTOJTAJIBIIIOTO BHKOPUCTAHHS ii, a00 CTBOpeHHSA Ha ii OCHOBI
CBOET MOJIeNi, B yMOBax Oe31epepBHOr0 BUPOOHHIITRA.

Kniouosi cnosa. MareMaTuuHi MOJEINI, YHPABIIHHA SKICTIO
poyKii, 6e3nepepBHe BUPOOHUITBO.

I Beryn

VYOpaBiiHHS ~ SKICTIO €  KIIOYOBHM  CJIEMEHTOM
yCHiNIHOTO (YHKI[IOHYBaHHSI Oy/b-SIKOTO BHPOOHUYOTO
nianpueMcTBa. OcOOIMBO BXKIIMBHUM BOHO CTa€ B yMOBax
Oe3repepBHOr0 BHPOOHUIITBA, JIE KOXKEH €Tall Tpolecy
TICHO NOB'A3aHHUI 3 HACTYIHHM, & MOXKIUBICTh 3yIMHHKH
JiHIT Ui BUINpaBieHHs JedekTiB MiHIManbHa. 3 OTJISLY
Ha 10€, KPpUTUYHUM € BIPOBATKEHHA CHCTEM KOHTPOJIIO
SKOCTI, IO 3a0e3MnedyroTh cTabibHy poOOTYy MPOILECiB i
3ano0iraroTh BAHUKHEHHIO Ie()eKTiB Ha PaHHIX CTaIisIX.

MarematuuHi Mopeidi TpalTh LEHTPalIbHY pOJb B
YIOpaBIiHHI  SIKICTIO,  JO3BOJSIFOYM  IiIIPUEMCTBAM
e(eKTUBHO BIJICIIJKOBYBATH i KOHTPOIIIOBATH Bapiamii y
BUPOOHMYUX  MpoOLecax, IMPOTHO3YBaTH  MOJKJIMBI
BIIXWJICHHSI Ta OINEPAaTHMBHO BKUBATH 3aXOIIB JUIs
KOpeklil. ¥ cy4acHOMY BHPOOHHIITBI BHKOPHCTOBYIOTh
pi3HI MaTreMaTHuYHi MiIXOIH, KOXEH i3 SIKMX Ma€e CBOI
repeBard Ta HeIOJIKH. ix BUOIp 3aJICKUTD BiJl CIIEUU(IKK
BUPOOHMIITBA, PiBHS aBTOMAaTH3allii, BUMOT JIO SIKOCTI Ta
PIBHSI CKJIJIHOCTI ITPOILIECY.

I[Isn pobora 30cepe/keHa Ha aHami3i  HalOLIBII
NONYJSIPHAX MaTeMaTUYHUX MOJENeH Ui yNpaBlliHHA
SKICTIO ~ TpONyKHii B~ yMOBaX  Oe3lepepBHOTO
BUPOOHUITBA, TAKUX K CTaTHCTUYHE YIPABIiHHSA
npouecamu (SPC), meron Illicte Curm, meron Taguchi,
MOJIENIi MAIIMHHOTO HaB4YaHHS Ta iHmI. Takox
PO3MISIHYTO X MpakTH4YHE 3acTOCYBAaHHS, IIepeBard,
HEJOJMIKM Ta MOXIHMBICTh iHTerpamii B Oe3mepepBHi
BUpPOOHHWYI TIpOIecH s MiABHIICHHS e(QEeKTHBHOCTI
KOHTPOITIO sIKOCTi [1].

II TTomynapHi MaTeMaTU4YH1 MOJEINI IS
yHOpaBIiHHS SKICTIO

CratuctuuHe ympaBiiHHA Tnpomecamu  (Statistical
Process Control, SPC) Lls wmaremaTnyHa MOJIENb
3a3BUYall  BUKOPHCTOBYETBCS Sl KOHTPOJIO SKOCTI
OUITXOM  MOHITOPHHTY BIIXWJICHb Yy BHPOOHUYMX
mporecax.

®opmyna koHTpOIBHOI KapTu [llyxapta mns cepenHix
3HAYEHB:

CL=x
UCL=X%—-4, R (1)
LCL=x—-A4,-R

X — cepelHe 3HAYCHHS,
R — cepenHiii miama3oH,
A,— KOeQillieHT, IO 3aJIeXKUTh BiJ 00cATy BUOIPKH.
Taky MaremMaTMuHy MOJEIb MOXXKHA BHKOPHCTATH
Halmpukiag y Takux cdepax sK aBTOMOOUTbHA
MPOMHUCIIOBICTH ~ Ta  BUPOOHHMITBO  HamoiB. Y
ABTOMOOUTBHIH TPOMHUCIIOBOCTI BUKOPHCTOBYETHCS LIS
MOHITOPUHTY TMpOLECY CKJIQJAaHHS aBTOMOOINIB, 100
BUSABIIATY BIAXWJIEHHSA HA €Tamnl CKIAJaHHsA AcTtaineid. Y
BUPOOHMIITBI HANOIB KOHTPOJIIOE CTaOUIBHICTh TaKUX
nmapameTpiB, K 00'€M HaMOBHEHHS IUIAIIOK, JUIs
YHUKHEHHS IepeBUTpatT abo HEeJIONUBY.
IepeBaru i€l Momeni:
1) mpocToTa BIPOBAKEHHS Ta BAKOPUCTAHHS,
2) BHUABIICHHS MPOOJIEM Ha PaHHIX CTAIisAX;
3) BHKOPHUCTAHHS ICTOPHYHKX MaHUX TS
BCTAHOBJICHHS] HOPM KOHTPOJIIO.
Jlo HeoMiKIB MOYKHA BiJHECTH
1) HemoCTaTHBO YYTIMBHM [0 MAJUX 3MiH;
2) He 3abe3medye TPOTHO3YBaHHS MaiOyTHIX
mpobieMm.
Mopens icte Curm (Six Sigma).
Ile meTomoiioris, sKa OpPIEHTYETbCS HA 3HUIKEHHS
KIJIBKOCTI Ie(heKTIB Ta MiHIMI3allit0 Bapialliil y nporecax.
dopmyna AJsl CTAHJAPTHOTO BiIXUIIEHHS (G):

o= [A9¥ (-2 @

N — KUIBKICTh CHIOCTEPEKEHb,
x,— KOJKHE 3HaYeHHs y BHOIpIIi,
X — cepe/iHe 3Ha4eHHs BUOIPKU.

Iunexc sikocri poriecy (Process Capability
Index, Cpk)

©)

. USL—x x—LSL
C‘uk _mln( 3o ’ 3o )
USL — BepxHs cienudikaiiitna Mexa,
LSLLSL — umxHs crieruikaliiiina Mexa,
0— CTaHJAPTHE BiIXUJICHHS.
Ocp meKiibKa MPUKIAIiB BHKOPUCTAHHS.

EnexTpoHHA IPOMHUCIIOBICTS.

B eJIeKTPOHHI TIPOMUCIIOBOCTI 4acTo
BUKOPHUCTOBYETHCS JUIS 3HWKEHHS KUTBKOCTI NEPEKTIB Yy
BHPOOHUIITBI, HAPUKIIAT BUPOOHUIITBO MiKPOCXEM.

ABia0yyBaHHSL.

Y  aBiaOynmyBaHHI ~ BHUKOPHCTOBYETBCS  3apajau
MiJBUINEHAS TOYHOCTI BHPOOHHWIITBA JeTajieid, ™00
VHUKHYTH Je(PEKTiB sIKi MOXXYTh BIUTMHYTH Ha OE3MeKy.

Jlo mepeBar BIZHOCATBCS  BHCOKA  TOYHICTH,
e(eKTUBHICThP  JI  CKIQJHUX  0araToCTyIeHEBUX
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MPOLECIB  Ta MOMJIMBICTh 3HIDKEHHS BUTpaT Ha
BUIIPaBJICHHS Ae(EKTiB Ha Mi3HIX CTa/lisIX BUPOOHUIITBA.
3 HEeOJIKIB CJIiJT BUIUTUTH:

4) CcKIAmHICTh BNPOBA/PKCHHS Ta BEJHMKI BUTPATH
qacy;

5) BuMarae 3HAYHUX IHBECTHIH Yy HaBYaHHS
TIePCOHAIY;

6) Mmoxxe OyTH MeHI e(heKTHBHOI JUIs HEBEIMKUX

TiITPUEMCTB 3 HU3BKOIO BapiaTUBHICTIO.

Meton Taguchi

Merton Taguchi 3ocepemkennii Ha MiHiMizalii 3001B Ta
BiXWJICHb TPOIECy Ta MiJABUINEHHI HOTO CTIMKOCTI 1O
30BHIIIHIX 3MiH.

®opmyna mst pynkuii Brpat Taguchi:

L(y) = k(y —m)* (4)
L(y)— stpan,
Y — 3HaAueHHs MapameTpa,
— 1IbOBE 3HAYEHHSI TapaMeTpa,
k— xoHCTaHTa, 10 3aJIEKUTH BiJI BAPTOCTI BiAXHUIICHHS.

Jo nmnpuknaniB  BUKOPUCTaHHS MOXXHa HaBECTH
HACTYIIHI 3aCTOCYBaHHSI.

EnexrpoHika.

B  EnexroHimi 3a3BHuYaii  3aCTOCOBY€ThCS LIS
onTuMmizalii napaMeTpiB  BUPOOHMITBA, HANPHKIAL
TEMIIepaTypyu TMasHHS KOMIIOHEHTIB, MO0 3MEHIINTH
KIUJTBKICTh IE(EKTIB Uuepe3 KOJUBAHHS TEMIIEpaTypH.

Xap4oBa IPOMHUCIIOBICTb.

3acTocoBy€eThCs 3apaju MiHIMI3allii BIUIMBY Bapialliid y
SIKOCTI CUPOBHHH Ha KiHIIEBHI IPOJYKT.

Jlo nepear 1i€i MaTeMaTU4YHOT MOJIEIi MOYKHA BIJIHECTH:

1) 3MeHIICHHS BiJIXHJICHb polLecy oe3
JOJaTKOBHX BHUTPAT;

2) MiABHINECHHS CTIHKOCTI POIeCy 10 3MiH;

3) MOXIMBICTh EKCIIEPHMECHTYBATH 3 MApaMeTpaMu
IUIst BU3HAYCHHS  ONTUMAIBHUX  YMOB
BUPOOHUIITBA.

J1o HeMOJIIKIB BiTHOCHTBCS:
1) oOMekeHa THYYKICTh y CKIIQJHUX TIPOIIECax;
2) BUMarae MOTEPETHBOTO HaJaIITyBaHHS
rapameTpis;
MEHII TOYHUH I 6araTo(hakTOPHHUX MPOIIECIB
3 baraTbMa 3MiHHUMH.

Mogen Ha OCHOBI MamHHHOrO HaB4aHHs (Machine
Learning Models).

[Ty4Huit IHTENEKT Ta MAIIMHHE HABYAHHS MPHHECIH
6araTo HOBOTO B TOMY YHCIIi i B MaTeMaTH9HI MOJENI iX
BUKODHCTaHHSI JIO3BOJIIE ABTOMATH3YBaTH KOHTPOJb
SIKOCT] Ha OCHOBI BEJIMKHX JaHWUX 3a JOIIOMOTH 3aTHOCTIL
TaKUX MOJEJEH aHaJi3yBaTh BEIUKUI 00’ €M iH(popMmarrii.

dopmyra A iHIHHOI perpecii:

3)

®)

Y=o+ B+ X+ Boxy + o By

Y — IpPOrHO30BaHE 3HAYCHHS,

B,— KOHCTaHTa,

B v B - ,Gn — KoedilieHTH perpecii A BiAIOBIAHIX

3MIHHHX X, X5, -
Jdo mpuknamis

HacTymHi chepu.
Mertamypris.

' xn

BUKOPUCTAHHA  MOXKHa BiZ[HeCTI/I
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Buxkopucrtanus TaKUX Moenen J03BOJISIE
MPOTHO3YBATH SAKICThH CTAJ B PSKUMI PEATBHOTO Yacy Ha
OCHOBI TIOKa3HHUKIB TEMIIEpaTypH, TUCKY, XIMI4HOTO
CKJIaJly Ta IHIINX ITapaMeTpiB.

®dapMareBTUKA.

B 1iif rairy3i MammmHHE HaBYaHHS BUKOPUCTOBYETHCS
JUIS Tiepe0adeHHsT MOXKIIMBHX BIAXWIJICHH Y IIPOIECi
BHUPOOHUIITBA JIIKIB HA OCHOBI ICTOPUYHUX JaHUX.

Jo neperar 1111 Ta MamMMHHOTO HABYaHHS BiTHOCHUTHCS:

1) JocuTh BHCOKA TOYHICTH MPOTHO3YBAHHS;

2) MOXIHBICTh aBTOMATHU3Allii KOHTPOJIIO SKOCTI B
peabHOMY Yaci;

3) 3matHicTh amanTyBaTHCA IO BENUKHX OOCATIB

JIAaHKX 1 CKIIQJHUX TPOIIECIB.
3 HeOJIKIB MOKHA BUUIATH:

1) HeoOXifHICT y BeNMKHX OOCATax MaHHX IS
TpEeHYBaHHS MoJieNeil;

2) CcKIaAHICT,  BOPOBAUKCHHS Ta  TEXHiuHA
MiITPHMKA;

3)  MOXIJIHMBICTh HEMPAaBUIIBHOTO TPOTHO3Y Yepes
HEMpaBWIbHE  HaJAIUTYBaHHsA Mojeni  abo

HE/IOCTaTHI JIaHi.
Teopist macoBoro oociyroByBanHs (Queueing Theory)
BoHa n1o3BONsSE ONTHUMI3yBaTH IOTOKH PeCypeiB i
MpOAyKIii B Mpoleci BUPOOHUIITBA.
dopmyna st cepeAHBOT0 Yacy O4iKyBaHHS B CHCTEMI
M/M/1:

(6)
Ue:

W — cepeowiti yac ouixyeanms,
U — cepedHs weUOKicmb 00CIY208)Y8aHHA,
A — cepeons weuoKicms HAOX0OICEHHS 3A560K.

Lo Mozenb MOXKHA BUKOPHUCTOBYBATH Y BUPOOHUIITBI
XapyOBHUX MPOIYKTIB. Bona JI03BOJIUTH
ONTUMI3YBaTH YEprd y MpOLECi MaKyBaHHS, 1 TaKUM
YHHOM MIHIMI3yBaTH 4ac MPOCTOIB 00JIaHAHHSL.

Takok i MOXHA BHKOPMCTOBYBATH Yy IOTIiCTHIN. Ii
BUKOPUCTaHHS  JO3BOJMTH  ONTHMI3yBaTH MpOLECH
30epiraHHs Ta TPAHCIIOPTYBAHHS TOBApIB HA CKIIA/IaX.
[epesaru wiel Mmoaedi:

1) 1o3BONSE  3MEHIIMTH  Yac  TMPOCTOIB  Ta
OINTUMI3YBaTH BUKOPUCTAHHS PECYPCIB;
2) 3a JOIOMOTrH Hel MOKHA MOCSITH I IBUINEHHS

MPOTYKTUBHOCTI i ITPHEMCTBA.
Jlae MOXXIIHBICTh IIPOTHO3YBATH CKYITYEHHS Ta 3aTPHMKH
B IIpOIIeCi BUPOOHUIITBA.
Henomiku BKIITO9aroTh B cede:
1) He BpaxyBaHHS SKiCHUX ITOKa3HHUKIB TPOIYKIIil;
2) MOJENb MOXE HE BIIMOBITATH CKJIAJIHUM
BHPOOHWYIM IIpOIlEcaM 3 BEIUKOIO KiNBbKICTIO
3MIHHHX.

Kontponp sikocti Ha ocHoBi pusukiB (Risk-Based
Quality Control, RBQC)

Lle wmaremMaTH4Ha MoOJeNb sKa OpIEHTOBaHA Ha
YOpaBIiHHSA PU3UKAMH, SIKI MOXYTh BIUIMHYTH Ha SIKICTH
TIPOIYKIIii.

dopmyna 11t OLIHKY PH3HKY:

R=PXI (7
P — HMOBIpHICTh BUHUKHEHHS PH3HKY,
| — BIUIMB pU3UKY HA SIKICTh MPOIYKIIii.
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CL=x UCL=X+4, R, LCL=x—-A4,-R (8)
[pukian BUKOpUCTaHHS MaTEMaTUIHOI MOJIETI.
®dapManeBTUKa.

VY apmaneBTHIi II0 MaTeMaTHYHY MOJEIbh MOXKHA
BUKOpPHCTaTH JUI VYIpPaBIiHHSA pH3UKaMH T dYac
BHPOOHMIITBA JIKIB, /Ic HABITh HEBEJIMKA ITOMUIIKA MOXKE
TIPU3BECTH JI0 CEPHO3HMUX HACIIAKIB IS 31I0POB'SL.

ABialOyryBaHHS.

VY miif ramysi KOHTPOJb SKOCTI MOXXHa BHKOPUCTATH
JUISl KOHTPOJTIO PU3HKIB Ha KOXKHOMY €Tari BUPOOHHUIITBA
Jetaneil Uil JTaKiB, MO0 YHUKHYTH TOTEHIIHHUX
BiJIMOB.

Jlo mepeRar 11iei MoJiei MOYKHA BiTHECTH:
Te 0 BoHa BpaXxOBY€E BCi MOKIIMBI CIieHapii pU3HUKIB.
1) BoHa opieHTOBaHa Ha yTpaBIiHHS
HaliHeOe3NeyHi MMH MTpodIeMamu;
2) Te mIO BOHA JOMOMAra€ 3amobiraTé KpUTHYHAM
nedexTaM y mporieci BAPOOHHUIITRA.
J1o HeoIiKiB y CBOIO YepTy BiHOCUTHCS:
1) ckmamHICTh OLIHKY PU3HKIB Ta BEJHMKA KiIBKICTH
(axTopiB I aHATI3Y;
2) Te IO I MOJIETb MOTPEOy€ BETUKUX 3YCHIIb JUIS
300py JaHMX Ta aHaJi3y pU3MKiB [2].

[II BuGip mozeni B ymoBax 6e3nepepBHOro
BUPOOHUIITBA

B ymoBax Oe3nepepBHOIO BUPOOHMIITBA OJHIEID 3
HaWBOXIMBIIIMX 33/a4 € 3a0e3MeYUTH IOCTIHHUIA
KOHTPOJIb SIKOCTI Ta UIBUJKE pearyBaHHs Ha 3MiHH.
3ane)KHO BiJl XapakTepy IpOLECiB pi3Hi Mojeni OyayTh
MoKa3yBatu cede 1o piZHOMY.

SPC «kpame mnposiBe cebe st Oe3mepepBHOTO
MOHITOPUHTY MapaMeTpiB y peaibHOMY Yaci, HAPUKIIa],
y BUPOOHMIITBI Xap4OBHUX IMPOIYKTIB, HAMOIB, XIMIYHUX
pEUOBHH, € BAKIMBO BIACTEXKYBaTH CTaOLIBHICT
rapameTpiB Ha KO>)KHOMY €Talli.

Hlicte Curm Oyze rapHO 3aCTOCYBATH JUIsi MIPOLIECIB,
JIe HaBiTh MiHIMAJIbHI BiJIXWUJICHHSI MOXYTh IIPU3BECTH JI0
3HAYHUX BTpaT SKOCTI, SK Yy (apmareBtuni abo
aBiamiiiHiii  npomucnoBocti. el Meton imeansHO
MIJXOJUTh IJISl CKIAQJHUX 0araToCTYIEHEBHX MPOLECIB,
110 MOTPeOYIOTh BUCOKOT TOYHOCTI.

Meron  Taguchi Oyme mgye  KOPHCHUM Yy
BUPOOHMIITBAX, SIKI MiJJAIOTECS 3MIHHUM 30BHIIIHIM
YMOBaM, TaKUM SIK €JIeKTPOHIKa abo
aBTOMOO171e0y TyBaHHSI. et ushivebit MiHIMIi3y€e
BapIaTHBHICT NPOAYKIl HE3aJIeXKHO Bil 3MiH Y
30BHIITHBOMY CEPEIOBHIIII.

Mogeni MammMHHOTO HaBYaHHS Oyne  JOLUIBHO

3aCTOCOBYBAaTH B IIpOIEcax, LI0 T'eHEPYIOTb BEIHKY
KUTBKICTh JaHUX Ta 3aJeKaTh Bl 0aratbox (hakToOpiB,
HanpuKIaa, y METanyprii abo XiMi4HIA MPOMHUCIOBOCTI.
Ix MoxHA HaBuWTH Ha ICTOPUYHHX JaHUX 1 3a0e3neunTn
ABTOMATUYHHI KOHTPOJIb SKOCTI Ha OCHOBI BHSBJICHHS
3aKOHOMIPHOCTEH y BUPOOHHYOMY TIPOIIECi.

Teopist MacoBOro 0OCITyTOBYBaHHSI € aKTYaJIBHOIO IS
BUPOOHHYMX JIHIA 3 BENIMKOI KIJIBKICTIO po0Ooumx
CTaHIN, TaKkUX SK TNAaKyBalbHI IJiHIiI y XapdoBii
MIPOMUCIIOBOCTI, A€ BaXJIMBO MIHIMI3yBaTH TPOCTOI U
e(PEeKTUBHO PO3MOIUIATH PECYPCH.

RBQC mimxomuTs IS MiANPUEMCTB 3 BUCOKAMH
pPHU3UKaMH, JIe TOMIJIKA MOXYTh CIPUYMHHUTH CEpHO3HI
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HacJiKM, TakuX sK (apManeBTHKa Ta aBialmiiiHa
IIPOMHCIIOBICTb.

Buxonmsun 3 mpoanamizoBaHoi iH(opMami MoxeMo
3poOMTH Taki peKoMeHHamii-Io0 BHOOPY MaTeMaTH4HOL
MO/IeTi B yMOBax 0e3repepBHOTO BUPOOHHIITBA.

[Micte Curm  mpu  creHapii  Oe3mepepBHOTO
BUPOOHMIITBA BHUIIIAJa€ HaWOUIbII omrtuMmanbHol. s
METO/IONOTi TOENHYEe B €00l CHCTEMHHM MiIXia 10
3MCHIIICHHA JEe(eKTiB Ta 3a0e3MeueHHsS CTaOLTBHOCTI
nponecis. Ii mepesaroro Ha BiaMiHy Bif iHIIMX € Te, 1O
BOHA HE JIMILIE KOHTPOJIIOE SKICTh HA OKPEMHUX eTarax, a
W TIparHe YCYHYTH caMi IIPHYMHU Bapialliid, 110 poOHTs ii
0c0o0MBO €(eKTUBHOIO JUII BUPOOHHUITB i3 BHUCOKHMH
BUMOTaMH JI0 TOYHOCTI.

SIkmo >k BUPOOHUIITBO € JOCHTh HECTaOLIBbHUM i
MiJATa€ThCs. 3HAYHMM 30BHIIIHIM KOJMBAHHSM, MOXHA
posrisHyTH MeTon Taguchi, 60 BiH 1acTe 3Mory
3a0e3MmeynTi CTabUIBHOCTI MPOJYKTY B YMOBax 3MIHU
30BHIIIHIX (AaKTOPIB.

J1J1s1 BUCOKOTEXHOJIOTIYHMX BUPOOHHUIITB B CBOIO UEPTy
Oysne Kpamie BHUKOpHCTAaTH MallMHHE HaBYaHHs, 00 B
TaKUX BUPOOHUIITBAX 3a3BUYail € ayke BEJIUKUI oOcsr
JaHuX Ta noTtpeba y mporHo3yBaHHi nedekriB. Lle
JIO3BOJIUTD 320€3MEUUTh aJallTHBHUI KOHTPOJIb SIKOCTI Ta
ABTOMATH3AII}0 MTPOIIECIB.

3BICHO 3alieKHO BiJ cnenugikkd Ipolecy KOXKHa
MOJIe/Ib Ma€ CBOI YHIKaJbHI CHIIbHI cTOponH, ane IlicTh
CurM Ha CBOTOJHI MOXKHA BBaXaTW HaWKpammm
VHIBEpCAIbHUM BapiaHTOM JUIsi JIOCSITHEHHSI BHCOKOI
SIKOCTI IPOJYKIIT B yMOBax Oe3repepBHOr0 BUPOOHHUIITBA

[3].
IV BucHoBku

Bubip marematuHOi MoJeJl YHpaBIIHHS SIKICTIO B
yMOBax Oe3nepepBHOr0 BUPOOHHIITBA Oy/ie 3aIexaTH Bil
TaKUX [apaMeTpiB sK OCOOJMBOCTI  BHUPOOHUYOTO
MPOLIECY, XapaKTep PU3HUKIB, Ta 00CAT JaHUX 1 BUMOT JI0
ToyHOCTI KoHTpousito. Hanpuknan, SPC e edexTuBHHM
Juisi ctabuibHOrO MoHITOpUHTY mporeciB, llicte Curm
JIOTIOMarae 3MEHIIMTH KiIbKiCTh JedekTiB Ha erarmi
BUPOOHHIITBA, a MAalIMHHE HABYaHHS MOXE BHABIIATH
3aKOHOMIPHOCTI Ta MPOTHO3yBaTH MpPOOJIEMH Ha OCHOBI
BEJIMKHX JaHUX.

BaxxmBo oOupaTti Mozenb, sika HalKpalle BioBiIae
cneuudini BUPOOHUYOro Mpolecy, MO0 JOCIITH
ONTUMAIIBHOT SIKOCTI TIPOAYKITii.

[Tepenik mocunanp

[1] Baccelli, F., & Foss, S. (2019). "Moments and tails in
monotone-separable stochastic networks."
[Enextponnmii pecypcl. - URL:
https://www.bing.com/search?pglt=43&qg=Baccelli%?2
C+F.%2C+%26+F0s5%2C+S.+(2009).+%22Moments
+and+tails+in+monotone-
separable+stochastic+networks.%22+The+Annals+of+
Applied+Probability%2C+19(4)%2C+1659-
1691.&cvid=3a65e55593ch4040b005cd4bd2fe0fa0&g
s_lcrp=EgZjaHIvbWUyBggAEEUYOdIBCDI0OTJq
MGoxgAIASAIA&FORM=ANNTA1&PC=U531

[2] Domingos, P. (2022). "A few useful things to know
about machine learning." [Enexrponumii pecypc]. —
URL:

M&MS 2024, 25-26 October, Kharkiv, Ukraine



82

https://courses.cs.duke.edu/spring20/compsci527/paper
s/Domingos.pdf

[3] Antony, J. (2021). "Simultaneous optimization of
multiple quality characteristics in manufacturing
processes using Taguchi's quality loss function.”
[EnextpoHHMi pecypc]. - URL:
https://www.researchgate.net/publication/225179438
Simultaneous_Optimisation_of Multiple_Quality Cha
racteristics_in_Manufacturing_Processes_Using_Tagu
chi's_Quality Loss_Function

M&MS 2024, 25-26 October, Kharkiv, Ukraine



83

BukopucTaHHs €1€MEHTIB IITYYHOTO 1HTEJICKTY JJISI
BUPIILLIECHHS 3a71a4 MOJICJIFOBAaHHS JUHAMIYHUX
IIPOLIECIB

Jmutpo Jlpunsos!

'Hauionanshuii yHiBepcuTeT 060poHHM Y Kpainu
VYxpaina, Kuis, IToBiTpodnorceku mpocnekT 28
drinevdim@ukr.net

Anomauis. Y cTarTi JOCHIIKEHO THTAHHS MIOJO
BUKOPHCTAHHS €IEMEHTIB IITYYHOTO iHTEIeKTy I BUPILIECHH
3aJ]1a4 MOJICTIOBaHHS JMHAMIYHHX TIPOLIECIB.

Crnig 3a3HauWTH, M0 BHKOpUCTaHHA enemeHTiB LI mmst
BUpIIIEHHS 3a/ad  MOJENIOBaHHA JUHAMIYHUX IIPOLECIB
nependoavyae  3acTOCYBAaHHS pI3HHX METOJIIB BUSBICHHI Ta
aHai3y 3MiH y cucremi abo arenri I 3 ruimaoM yacy. Croau
BXOJUITh TaKi acHeKTH, SK €BONIOLIS CTaHy CHUCTEMH, 3MiHa
BXiJJHUX JlaHUX, aJamnTalis J0 HOBHX YMOB, HAaBYaHHA Ta
PO3BUTOK HaBUUOK.

BUKOpUCTaHHS €JNEMEHTIB INTYYHOTO IHTENEKTY JUIL
BUpIIIEHHS 3a/ad  MOJENIOBaHHA JUHAMIYHUX IIPOLECIB
J03BOJISIE BMBYATH Ta aHANI3yBaTH IIOBEJIHKY CHCTEM Ta
areHTiB y MIiHJIMBHX yMOBaX, po3po0iaTH Oimbil edeKTHBHI
cTpaterii NPUHHATTS pillleHb Ta IOKPAIlyBaTH 3arajibHy
MIPOJYKTUBHICTh CUCTEMHU.

Knrouogi cnoea: MonenioBaHHS, INTYYHUH IHTEINEKT,

JMHAMIYHI TPOLIECH.
I Betyn

IlocTanoBka nmpodiaemMu. Y CydacHOMY HayKOBOMY
CepeIoBHIILI PO3BUTOK HITYYHOT'O IHTENIEKTY
BBAXAETHCS Jyxe CIPHSTINBOIO cdeporo
JNOCHI/DKeHHsI, sKa BUKIMKA€ 3HAYHUN  IHTepec
JochmigHukiB 1 excrepTiB. OcHOBHa  myOmikaiis

OKpecjuJia OCHOBHI HamNpsSMKH JOCHTIJDKEHHS B I
rajny3i, BCTAHOBHMBIIHM KJIIOYOBI I Ui MaiOyTHBOTO
MPOTPECy B raiy3i ITYYHOTO IHTENEKTY.

OcCHOBHI IiJTi  PO3BUTKY IITYYHOTO IHTENIEKTY
BKJIIOYAIOTh BIJTBOPEHHS MPOLECIB, MOAIOHUX IO THX,
10 BiIOYBalOThCSA B IIOACBKOMY MO3KY, 1 pO3pOOKY
e(pEeKTUBHUX METOJIB IX 3aCTOCYBaHHA. Y paMmKax
LBOTO maciTaOHi OCII JUKEHHSA MIPUCBAYECHI
pO3yMIiHHIO Ta peaji3alii KOTHITHBHHX MEXaHi3MiB,
METOAIB BHUpINIEHHS MpoOIeM, IHTEIEKTyaJlbHOTO
obctexxeHHss Ta O0OpoOku iH(popmamii, BIaCTHBHUX
JOJCEKOMY MO3KY.

KpiMm Toro, mTydHHH IHTENEKT OXOILTIOE pi3HI
chepu, BKIIOYAIOYM MAINIMHHE HaBYaHHS, OOpPOOKY
MIPUPOIHOL MOBH, KOMII ' TOTEpHE OadeHHH,
pOOOTOTEXHIKY Ta aBTOMAaTH30BaHE MPUHHATTS PillICHb.

[TocTifiHe  moCHifUKEHHS B WX  00JIacTaAX
CHpsSIMOBaHE HA CTBOPEHHS BIOCKOHAJIEHUX CHCTEM, K1
BOJIOJIIOTH MIABUIICHUM 1HTEIIEKTOM 1 aBTOHOMIELO, 110
J03BOJIIE 1M TIPHCTOCOBYBATUCS JO JAWHAMIYHOTO
cepelioBUINA Ta BUPINIYBATH CKIAIHI 3aBJaHHA, SAKi
BUMAararTh IIIHOOKOTO PO3YMiHHS Ta BHHAXIJIHBOCTI.

OTxe, pO3BHTOK IITYYHOTO IHTEIEKTY CTaB
TOJIOBHOIO METOI0 3 METO MoOymoBH  OinbIn
pPO3YMHUX, €()EKTUBHUX 1 YHIBEPCAIBHUX CHCTEM, SIKi

MOXXYTh BHMKOPHCTOBYBATH HPHHLIMIHU, TOMIOHI JI0
JMIOACHKOTO IHTEJEKTY, TaKUM YHHOM CIPHUSIOUYH
MpOrpecy B Pi3HUX AUCHUILIIHAX HAYKH 1 TEXHIKH.

AHaJi3 OCTaHHIX JOCHiIiKeHb Ta mnyoJiKamii.
[TuTaHHIO W00 BUKOPHCTAHHS EJIEMEHTIB INTYYHOT'O
IHTEJIeKTy Uil  BUpIMIEHHA 3aJa4  MOJEINIIOBAHHS
JUHAMIYHUX TpOLECiB OyJNM TPUCBSYEHI Mpali TaKUX
BueHux sk bamanmina H.M., Boiiko B.JI., Bacunenko
M.[., Xycainos /1.5. Ta iHmmx.

Mera crarTi € BHCBITJIPHHS OCHOBHHX aCIIEKTiB
BUKOPDHCTaHHSl €JIEMEHTIB IITYYHOTO IHTEJIEKTY JUIst
BUpILICHHS 337124 MOJICJFOBaHHS JMHAMIYHUX TIPOIIECIB.

Il Buxitag ocHOBHOTO MaTepiary

JocnimkeHHss mpo0ieM IMITyYyHOTO IHTENEKTY, M0
MalOTh Ha METi MOJEJIOBaHHS MPOLECIB MHUCICHHS
JIOJWHY, TPUBAIOTh BXKE JABHO, 1 IS BUPIIICHHS IUX
npoOiiem Oyinu 3ampornoHoBaHi pizHi migxoau. Cepen HUX
TEOpisi HEWPOHHMX Mepex Oyla BH3HAHA OIHUM 3
KJIFOUOBHMX  HampsiMkiB. HelpoHHi Mepexi - 11
CHeLiali30BaHUi HAINpsM, METOI SKOTO € CTBOPEHHS
MITYYHUX MAILHH, MOIOHUX 10 MO3KY [1].

KirowoBumH  acniekTaMu JOCHIIKEHHS HEHpPOHHUX
Mepex € Ipolec HAaBYaHHA Ta 3AATHICTh IPHCTPOIO
HaragyBaTH JIOJACBKHH MO30K. SKmo po3B's3aHHA
NpoOJeMH € iTepaTHBHHMM, NPOLEC MOXKHA OIMCATH SIK
JMHAMIYHUIA. OnHuM 3 HaNOUIBII LIHPOKO
BUKOPUCTOBYBaHUX MAaTeMaTHYHHUX IHCTPYMEHTIB IS
ONMMCY JMHAMIYHUX TIpOLECiB € JaudepeHIiaibHi
pIBHSIHHSL a00 pIBHSHHS IUQEpeHIiaabHuX (QyHKIIN 1
CUCTEMH DiBHSHb.

CTBOpEeHHSI MaTEMAaTHYHUX MOJeJiel, [0 OIHCYIOTh

mporec HaBYaHHS 1 (PyHKIIOHYBaHHS  IITYYHUX
HEHPOHHHX MEpeX, € YaCTHHOK Taly3i LITYYHOTO
intenekty. Komm'rorepHe  MOIENIOBaHHS  CIYTY€
MOTY>)KHUM ~ 1HCTPYMEHTOM  JOCII/DKEHHS  CKIIAJAHUX
JTUHAMIYHUX CHCTEM 1 II03BOJISIE MIPOBOIUTH
O0YHCITIOBAIbHI eKCIIEPAMEHTH Ha eTamax pPO3BUTKY
CHCTEMH.

TepMmin "muHamiuHa cucTemMa" O3HAa4Yae€ CHCTEMY,
MOBENiHKA SKOi OIMHCYEThCA CHCTEMOI0 3BHYAWHUX
ABTOHOMHUX IU(EpPeHIIalbHUX  PIBHAHB  IIEPIIOTO
mopsaaky. OmHak, OKpiM KIAacHYHOI 3aJadi MOIIyKY
pO3B'S3KIB, Cy4acHa HayKa TaKOX 30CEPeDKYEThCS Ha
SAKICHIX THUTAHHSAX IOCIHIDKEHHS, TaKuX SK MoOymoBa
(ha30BUX TOPTPETIB Ta BHUBYCHHS CTIMKOCTI OKpEeMHUX
TPAaeKTOpii 1 cHUCTeMH B MUIOMY (IIOPCTKICTH 1
IIIJIBHICTH, CTPYKTYpPHA CTIHKICTH TOMIO) [2].
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Oco0aMBO CKJIaIHUMH € MOZEM, IO OMHCYIOTHCS
TiOpUIHUMH CHUCTEMaMU (HAIPUKIAJ, JIOTIKO-THHAMIYHI
CHCTEMH, MEPEeMUKAIbHI cHcTeMn). JOCHiDKeHHST TaKuX
CHCTEM IMIOB'SI3aHE 3 TaKUMH CKJIAQJAHUMH aCHEKTaMH, SIK
SIKICHE BUBYCHHS CTIHKOCTI.

PiBHSHHS B  YaCTHHHUX  TMOXIJHAX  IIHPOKO
BHKOPHCTOBYIOTHCS SIK MAaTEMAaTHUYHI 1HCTPYMEHTH JUIS
aHamizy mnpoueciB y ¢isumi Tta rigpomuHamimi. Lli
PIBHSHHS YCIHINTHO MOJCTIOIOTH JWHAMIKY PO3MOJILTY
Terula, Tedii PIAMHU 1 Ta3y, KOJIMBAaHHS IUIACTHH 1
00O0JIOHOK.

Baxnusoro YMOBOIO o0y I0BH TOYHHX
MaTeMaTUYHUX MOJEJeH € HasBHICTh HAyKOBHUX 3HAaHb
po  MexaHi3MH  (QYHKIIOHYBaHHS cuctemu. Jlis

1moOy/JIOBM MOZEJi BUKOPUCTOBYIOThCS 0a30B1 MPUHIINIIH,
Taxi SIK yHiBepCaJIbHHUI 3aKOH 30€peKEeHHSL.

OnmHUM 3 HalMOIMPEHIMMX MiIXOIB 10 CTBOPESHHS
MaTeMaTUYHUX MoJIeNiell pyXy cucteMu (MarepianbHOl
TOYKH, TBEPJIOrO TiNa, pIOUHW, Trasy TOWIO) €
BUKOPHCTaHHsI NpHHIMIY [aMinbToHa. 3riHO 3 UM
MIPUHIIMIIOM, CHCTEMa PyXaeThCsd TaK, 10O IHTErpalibHe
3HA4YEHHsI PyXy OyJI0 MiHIMaJIbHHM.

Codeporo  mocmipkeHb — INTYYHOI'O  iHTEJEKTY,
NIOB'SI3aHOI0 3 JIMHAMIKOI, € MOJICTIOBAHHS IPOIIECIB Y
HeHpoHHUX Mepexax. Y 1943 pori Bueni Maxk-Kasiok i
Bonrep IlitTTc ommcanu HEWpOHHM MO3Ky SK JIOTi4HI
€JIEMEHTH, a MEpEeXeBl CHUCTEMH - SK HPUMITUBHHA
00YHCITIOBANIBHUN TTPUCTPIi, 3MaTHUN IMITYBaTH JIOTI4HI
ejeMmenTy [3].

Ile BU3HAUCHHS BBAXKAETHCS IEPLIMM BH3HAYCHHSM

NnoHATTsE  "HeWpoHHa Mepexa". HeiipoHHi Mepexi
XapaKTepU3yIOThCS ABOMA IpoliecaMu: "HaBUaHHS'", SKe
BU3HAYA€ [apaMeTpH, HEOOXiJHI sl  BUpIIICHHS

npobiemu, i "(QyHKIIOHYBaHHS", K€ BU3HAYa€ 3aIUTH 1
TeHEPYE PilICHHS.

3a3Buuaii 00MJBa TPOLECH € ITEpaTUBHUMH, a IX
MaTeMaTH4yHa MOJENIb MOXKe OyTW IpencTaBieHa SK
BHCOKOPO3MIpHA, HeliHiiHA JUCKpeTHa cucTeMa. SIKIo
KPOK JMCKPETH3allil 3MEHILUTH, TO TaKi CHCTEMH MOXHA
onucaty TUQepeHIiaTbHUMU PiBHSIHHSIMH.

[punmun TlamineToHa 1 3aKOHM  30epeKCHHS
BUKODUCTOBYIOTbCS Ul NMOOYZOBH  MaTEMaTHYHHX
MoJieniell TuHaMiku B HeifpoauHamini. Taka Mozgens Oyna
3arporoHoBaHa XomndiiaoMm.

Y HeHWpOHHHX Mepexax, J€ BHXIJIHI CHUTHAIU
MTO/Ial0THCS HA BXOMM, BINOYBA€ETHCS ITepaIliitHui mporiec
1 hopMyeThCst Mepexka 31 3BOPOTHUM 3B's3KOM [4].

Taka cTpyKTypa BiJoMa SIK aBTOKOpEJIbOBaHA MeperKa
i Oyma Bmepie 3amnpornonoBana Xomdingom y 1982 porri.
MatemaTHuHy MOJENh IWHAMIKA HEHPOHHOI Mepexi
MOXHa  TPEICTaBUTH 332  JOINOMOTOK  CHUCTEMH
JudepeHIiaIbHIX PiBHSHb.

Bucnosxu

ToMy BUKOPHCTaHHS €JIEMEHTIB IITYYHOTO 1HTENEKTY
JUIA BHPINICHHS 3aJad  MOJCIIOBAaHHS JIWHAMIYHUX
MPOIeCiB  BUMAra€ 3acTOCYBaHHS pI3HHX METOJIB
BUSIBIICHHSI Ta aHaNmi3y 3MiH y cuctemi abo IlI-arenTi B
gaci. Lle cTocyeTbecst TaKiX acleKTiB, SK €BONIONIS CTAaHy
CHCTEMH, 3MiHA BXIOHHX JaHUX, ajanTalis A0 HOBHX
YMOB, HaBUYaHHS Ta PO3BUTOK HABHYOK.

BHKOpHCTOBYIOUM €JEMEHTH INTYYHOTO IHTENEKTY
JUIL  BUPIIIEHHS 3a7ad MOJICNIIOBAaHHS JAWHAMIYHHX

84

MpoLeciB, MOXXKHAa BHUBYATH 1 aHAJi3yBaTH TIIOBEIIHKY
cucTeMH abo areHTa B MIHJIMBHX yMOBax Ul PO3pOOKU
OimbIn  eeKTMBHUX CTpaTerii NpUHHATTA pIilIeHb 1
i ABUIIEHHS 3aTaIbHOI TPOAYKTHBHOCTI CHCTEMHU.
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JlocmiakeHHs METOA1B OIUCY AUHAMIKY 'YMaHOIJHOI'O
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Anomauyia: TPOBENCHO aHAI3 METOMIB OIMCY IHHAMIKH
rymaHoigHoro potora. Posmsinyro meron Herorona-Eiinepa,
meton Jlarpamka i piBsHHA [aminerona,meron [’ Amambepa,
METOJ] KIHIIEBUX CJIIEMEHTIB Ta piBHIHHA JleHaaBira-
XapTteHOepra Ta iX 0COOIMBOCTI.

Knrwouosi cnoea: mpaswina, MixHapomHa KoH(DEpEeHILs,
M&MS 2024. nunamika TymaHoOimHOTO po0OTa, MeETON
Hrerorona-Eitnepa, meton Jlarpanxa.

. BCcTvin

Onuc aMHaMiKM T'yMaHOIJHOTO po0OTa € CKIaJHUM
3aBJIAHHSIM 4epe3 BEJMKY KiJIbKICTh CTYIEHIB CBOOOJH,
HENIHIMHOCTI Ta B3aEMOJIi CErMEHTIB Tila poOoTa.
JuHamiuHe MOJIENIOBaHHSI POOOTIB € BaXKJIMBOIO TEMOIO
JUIL  TIPOEKTYBaHHs, MOJICNIIOBAHHS Ta KepyBaHHS
poboramu. IcHye Tpu OCHOBHI (opMyntOBaHHS JUIs
BUBYCHHSI 33/1a41 AMHAMIKH, YCi BOHU BUKOPHCTOBYIOTHCS
B aHami3i OaraTtoTiibHUX poOoTiB: Meron HeroToHa-
Eiinepa, meton Jlarpana i piBasiHHs ['amineToHa. Oxpim
OUX TPhOX METOAIB PO3IISHEMO TaKOXX METOX
JI’ AnamOepa, MeTOJl KiHIEBUX EJIEMEHTIB Ta PIBHSHHS
Jenaasita-Xaprenoepra.

1. AHAJII3 METO/IIB

Meron Jlarpanxka gae 1npocTe  NPEACTaBIICHHS
CUCTEMH, IO Ma€ KiIbKa CYrjo0iB, Halaloul B KOXKEH
MOMEHT Yy3arajbHeHI KOOpPAWHATH BCIX YaCTUHOK, SIKi
OepyTh y4acTh y pyci pobortm3oBaHoi cuctemMu. BiH €
€HEepPreTHYHUM METOJIOM, KUl He MOoTpedye BHYTPIIIHIX
cun s (HOpMyYJIIOBaHHS JUHAMIYHOT Mojerni. Y HbOMY
CIIOYATKY pO3PAaXOBYIOTh KIHETHUHY Ta MOTEHLIHHY
€Hepril0 MeXaHIYHOI CHCTeMH, a IIOTIM BHUBOJIThH
PIBHSIHHSI PYXy 3a JIONIOMOTOI0 CKaisipHOl (yHKIIl, sKa
HA3UBAEThCS JIarpamkiaHoM. JlarpamkiaH — 1e pi3HHULSA
MiX KIHETHYHUM 1 IIOTEHIIIaI0M MeXaHiuHOoI cuctemH [1].
Meton Jlarpamxa BHKOpHCTOBYE piBHSHHA Jlarpamxka
JOPYyTOTO POy 1 € OUIBII TEOPETHYHO Yy3araJbHEHUM.
Opnak el MeToj Ma€ TIeBHI oOMeXkeHHs. sl cCKiaaHux
cHCTeM BHOIp KOOpAWHAT AJIS YaCTHHOK MiJ Yac pyxy €
CKJIAQTHAM 3aBIaHHSM.

Meron Hrrorona-Elinepa 3acHOBaHMI Ha 3aKOHaXx
Herorona i Eiinepa, sixi onmcyroTs pyx TBepaux Til. Bin
po3rismae poboTa SK CHCTEMY CErMEHTIB (KiHIIBKH,
TyIry0 i TONOBA), MOB'A3aHUX MAPHIPHUMH 3'€THAHHIMHU.
Bin ¢opmymoe muHaMivHY MOJENs Ha OCHOBI OamaHCy
CHUJ KOXHOi JKOPCTKOi JaHKW BiH 3acHOBaHWiA Ha
CITOCTEPEKECHHI Ta BU3HAYCHHI IMBUAKOCTEH B OAHIN 200
KUTBKOX 33JaHUX TOYKaX crocTepekeHHs. LI mmBuakocTi
SIBITEIOTH  COOOI0 IIBHAKOCTI YACTHHOK IIiJ dYac pyxy
yepe3 TOUYKY CIIOCTepEeKEHHsI B pi3HHH dYac. Takum
YMHOM, TOYKHM CIOCTEPEXKEHHS O3HAYaloTh IT0TOYHE
MOJIOKEHHSI YaCTHHOK y JaHWi MoMeHT. HaBiTh sKImIO
¢dopmanism Herorona-Eitnepa mnepenbadae BpaxyBaHHS

OibIIOi  KIMBKOCTI TapaMeTpiB, HIX JIarpaH)KeBUH Yy
BUIAJIKy CHUCTEM, IO CKJIaIaroThCs 3 0araTbOX TBEPIHX
TLI, BU3HAUEHHS Ta IHBEpCis omeparopiB iHepii He
03Ha4yae BUCOKY BapTiCTh PO3PaxXyHKY.

KaHoHiuHi piBHSHHS ['aMinbTOHa BUpaXalOThcs 4epes
MIBUJKOCTI Ta IMIYJIbCM CHUCTEMH, a MOJMJIHMBI
OOMEXeHHs1 ~ 3a3BM4Yail  HAKJIQJAIOTbCS  HAa  PIiBHI
IIBUJAKOCTI, Oarato JoKepesl BKa3ylOTh Ha BHTIIHI
XapaKTepUCTHKA  TaMUIBTOHIBCBKOTO  MiIXOLy 3
YHCEIbHOI TOYKH 30py. Meton ['aMinbTOHa OCHOBaHHIA
Ha TEepeTBOPEHHI PIBHIHb pyXy Yepe3 raMiIbTOHiaH —
(yHKLIIO, sSKa BU3HAYA€ 3arajibHy €HEpril0 CHUCTEMU Y
TEepMiHaxX KIHETMYHOI Ta MOTCHIIAJILHOT  EHeprii.
PiusiHHs [aminberoHa € maporo audepeHIiaTbHUX
PIBHSIHB, SIKi ONUCYIOTh IMHAMIKY CHCTEMH B TepMiHaX
y3araJlbHeHWX KOOpIMHAT 1 MOMEHTIB. ['ymaHoijHi
po0OTH, MatOTh BEJIMKY KUIBKICTh CTYNEHIB CBOOOH, IO
03HAYae, 110 KOXKEH CErMEHT po00Ta Ma€e CBOIO MO3HMIIIIO i
MIBUJKICTB. Y 1[bOMY KOHTEKCTI PIiBHSHHS [ aminbToHA
MOXYTh OyTH BHUKOPHUCTaHI Ul ONKHCY JUHAMIKH BCIX
yacTMH Tina poborta. lleii meron BBaxkaeTbcst OUIBII
a0CcTpakTHUM HiX migxonau Jlarpamxka un HploToHa.

Meron JI'Anambepa Ga3yerbcst Ha MexaHili HbroToHa,
PO3IIMPIOIOYM HOro 3aKOHM 3a JOIOMOTOI0 BBEICHHS
HOHSTTA IHEPUIMHUX CUJI. 32 IIUM NPUHLIUIIOM 0 CHJI, 10
JIIOTh Ha CHUCTEMY JOJAIOThCS IHEpIiiHI CHJHM, IO
poONsATh pyX eKBiBaJEHTHMM piBHOBa3i. ToOTo cyma
30BHIIIHIX Ta IHEPIIHHUX CUJI JOPIBHIOE HYIO (1).

Z FEOBHiLLIHi + Z FiHepLLii:{Hi = 0. (1)

s rymanoinHux po6otiB meron 'Anambepa 3MeHIIye
CKJIaJHICTh 00umcieHb. Lleit Meron nonsrae y po30OHTTI
poboTa Ha OKpeMi CerMeHTH, L0 PO3IJIANAIOTHCS SK
TBEpAi Tija, BU3HAYEHHI iHEPIIMHUX CHI (BpaXOBYIOUH
Macy Ta MPHCKOPEHHS) 1 3amucy piBHSIHBb PIBHOBArd IS
KOXKHOTO CeTMEHTa 3 MOJAIBIINM  PO3B’S3aHHAM
oTrpuMaHoi cuctemu. Lleit MeTox € yHiBepcaJIbHUM depes
Te, IO BIH HE 3aJleKUTh CKIAJHOCTI CHCTEMH Ta
KUTBKOCTI  CTyNIEHIB cBOOOIM Ta  MOXe OyTH
3acTOCOBaHWNA s Oymp-sikoro pobora. OpHak  3i
30UTBIIEHHSAM KIJIBKOCTI CETMEHTIB Ta CTYIIEHIB CBOOOIH
OTpUMaHa CHCTeMa piBHSIHB OyJe cTaBaTd OUIBIIOINO, IO
YCKIIAIHIOE MAaTeMAaTHYHI pPO3pPaxXyHKH Ta TMOTpedye
Habararo Oiumpme wacy. CKIagHICTE IIHOTO METOIY
MONIITa€ TaKOXK Yy HEOOXiMHOCTI TOYHMX Mopemen
CerMeHTIB Ta iX MapaMeTpiB, IO Ha MPAKTHIlI MOXKE
CTaTH BEJIUKOIO MPOOIEMOTO.

MeTox KiHIEBHUX EJIEMEHTIB BHKOPHCTOBYETHCS JUIS
CHCTEM, IO CKJIAJaeThesi 3 pobora Ta nedopMOBaHOL
ormopy abo y BHIIAJKaX, KOJM pOOOT MAa€ THYUKI
enemenTH. Lleil miaxin € MEHII PO3MOBCIOPKEHNM OIIUCY
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MIOBHOI JIMHAMIKN poOOTa Yepe3 CBOIO CrelU(idHICTh. Y
BHIA/IKAaX HASBHOCTI THYYKHMX YacTHH y TYMaHOIZHOTO
pobota 1eii MeTox 3a JIOTIKOIO CXOXHH Ha METOH
J'Anambepa yepe3 HeoOXimHICTE po30HTTS poboTa Ha
OKpeMi eJIeMEHTH Ta OOYHCIIECHHS X JMHAMIKH OKpPEeMO
OJIMH BIJI OHOTIO.

PipusiHHs JenaaBiTa-XapTeHOEpra BAKOPHCTOBYIOTHCS
JUISL OTTMCY KIHEMATWKU TyMaHOIAHHX poOOTiB. Y 1boMy
METO/i BHKOPUCTOBYIOThCs doThpu DH-mapamerpw, siki
BBXXAIOTHCS CTaHAAPTHUM CIIOCOOOM ONHCY Opi€HTAamii
JIAHOK po0O0Ta BiJTHOCHO OJJHA OJIHOI: 0L — KYT MIXK JIBOMa
OCSIMH Z, 110 ONKCYE HaXMJI MXK JIAaHKaMH; a — JIOBXKHHA
JIAHKH MIX ocssMH 00epTaHHs; d — 3MilIeHHS B3J0BXK OCI
Z MK JlaHKamu; 6 — KyT o0epTaHHsS HaBKOJIO OCi Z, IO
omucye obepraHHs cyriioba poboTa. 3a JOMOMOror0 X
rmapameTpiB OINHCY€ThCs KOXKHA JiaHka pobora. He
JTUBJISIYMCH Ha Te, 0 DH-napametpu
BHUKOPHCTOBYIOTBCSI Y KiHEMAaTHIli, BOHK € OCHOBOIO JUIsI
MOJIANIBIIOTO  aHAJ3y JHMHAMIKM po0OTa Ta 3HAYHO
CIpOLIyE pPO3paxyHKH CKJIaJHUX CHCTeM 3 OaraTbMa
CTYNEHSIMU CBOOOIH.

I11. BUCHOBKU

Tok MOXHA 3PO3YMITH, IO KOXEH 3 PO3MISHYTHX
METOJiB € 3pYyYHHM JUIi OKPEMHX 3aBAaHb, IO
CTaBIATHCS TEpe]  IH)XKEHEpOM TpHU  MOJEIIOBaHHI
JMHAMIKK TyMaHoinHoro poOora. fkmio oOupatu onuH
METOJ JUIS I(i€i METH, TO HAHOUIBII MaTEMaTHYHO
THYYKMM Ta TOYHHMM, a TaKoX 3 MOXJIHBICTIO
3aCTOCYBAHHS JJO CUCTEM 3 BEJIMKOIO KUIBKICTIO CTYICHIB
cBOOOAM, SKUMH 1 € TyMaHOimHi poOOOTH € MeTon
Jlarpamka. OpHak  JOUNBHIIIE  BUKOPHUCTOBYBATH
CYKyIHICTb ~ METOAIB Il  HAWOIbII  OTPUMAaHHs
HAKOLIBLI TOYHOI AMHAMIYHOI MOZENi podoTa.
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Metoau Ta anroputMu jokamizamii RFID-miTok:

Cyd4acH1 HNIJXOJU Ta MEPCICKTUBU
Awngpiit Cmocap', Coodis Xpycranpopa'

1. Kadenpa KITAP, Xapkiscbkuil HallioHabHUi yHiBepeuTeT pajioenextponiky, YKPATHA,
Xapkis, np. Hayku. 14., email: andrii.sliusar@nure.ua
Xapkis, np.Hayku 14., email: sofiya.yakubovska@nure.ua

Anomauin: RFID €  TeXHOJIOTI€0O  aBTOMAaTHYHOI
imeHTHQIKAI], 10 JO3BOJISE BiACTEXKYBAaTH 00'€EKTH Ta JIOJCH.
VY poboti aHami3yroThcs cydacHi meroau Jsokamizanii RFID-
MITOK y CKJIaJHUX YMOBaxX MPHUMIIICHb, KIacH(IKyrOThCs
MAXOAW 10 TIO3WMIOHYBaHHA, a TaKOX PpO3TIIIAOTHCS
MaiOyTHI TEHIEHIi y PO3BUTKY TEXHOJOTii 3 ypaxyBaHHIM
00MeKeHb MITOK Ta CKJIAIHOIIIB CEPEIOBHIIA.

Knrouosi cnosa: paniodactoTHa iIeHTA(IKAISA, JTOKATI3aIlis,
MiTKa, CUTHAJL.

. BCcTvin

Pamiouacrorna  imeHtudikamis (RFID)  mmpoko
BUKOPHCTOBYEThCS JUIsl €JIEKTPOHHOI ineHTUdiKalii Ta
BifgcrexxenHs. RFID mporonye cyTreBi mnepeBars st
0i3Hecy,  JIO3BOJIAIOMM  ABTOMATHYHO  NPOBOJHTH
IHBEHTApH3allil0 Ta BiJICTE)KEHHS B JIAHIIOTY MOCTAaBOK.
Ll TexHoJOrisA BiJirpa€e KIHOUYOBY pOJib y TMOIIMPEHHI
Mepex 1 nociyr [1]. Jlani MoxkHa 30epiratu 1 BijaneHo
orpumyBati  Ha  RFID-miTkax, 1m0  J03BOJsIE
ineHTHdikyBaTH TPUCTPOI Ta KOPUCTYBadiB y peXUMI
peansHoro yacy. Opmnak, BukopuctanHs RFID moxHa
Oysi0 © 3HAYHO ONTUMI3yBaTH, SKOM 1IeHTH]IKALiiHA
iH(popMallis OyJa MpuB's3aHa 10 MiCIIE3HAXOHKEHHS.

Leit HOBWIT BUMIp KOHTEKCTHOI  OOI3HAHOCTI
nigTpuMaB O po3poOKy HOBUX — CTparerii  yis
ABTOHOMHHUX 1  JIOMallHIX  MepeX,  KOHTPOIIO

MOOLIBHOCTI, PO3MOALTY PeCypciB, OE3MEKH 1 AIrTOPUTMIB
BUsIBJIEHHsSI mociyr. Taki (yHKIIOHaIbHI MOMIHBOCTI
TAKOXX 3HAWIYTh 3aCTOCYBaHHs B  Hapiramii B
MPUMIIIEHHSX, TOYHOI I1HBEHTApH3allii B  PEKHUMI
peaspHOTO Hacy 1 B ympaBiiHHI OiOmioTekamu Juis
MOIIYKY JIo/ieil abo TMpeaMeTiB, KOHTPOJIIO AOCTYIy 1
MOHITOpPUHTY Tmoil, Hanpuknaa. Knacuuni cucremu
RFID HA/IAI0Th rpyoy iHpOopMaIlio npo
MiCIe3HAXO/KEHHs. IXHi 34MTyBaui, #K MpPaBUIIO,
PO3MIIIYIOTHCA B CTPATETIYHUX MICIAX, HAIPHKIAM, OiIs
BODIT, 1 IXHE MNpH3HAYEHH — BUSABIATH MITKH, SKi
IPOXOAATH B 30HI IXHBOTO 3YMTYBaHHS. TakuM YHMHOM,
TOYHICTH JIOKANi3aIlii TAKAX CHCTEM BiAMOBIiNAE pO3Mipy
KOMIPKH, yTBOPEHOT 3UATYyBaYEM.

3 pocToM TOMyNSAPHOCTI CHCTEM  BH3HAYCHHS
MICIIE3HAXOKEHHS B MIPUMIMICHHAX 1 OUTBII TII00ATBHIX
JOCTI/KCHD MO3UIIIOHYBaHHS B OE3APOTOBHX MeEpexkax,
moyana BUHHUKATH mpobineMa mozurionyBaHHa RFID-

MiTok [2]. Meroam sokamizamii gus  RFID-mitok
0a3yroTbCs Ha THX JK€ NPUHIUNAX, MO0 1 I
6e3mporoBux Mepexx. OpHak BOHM aJanToBaHI 0

CIIer(piTHIX MOXKINBOCTEH 1 0OMEKEHb IIi€1 TEXHOIOTI].
JificHO, MITKH MAalOTh Oyke OOMEKEHI MOMIMBOCTI 3
TOYKA 30py C€Heprii Ta mam'sTi, 3a0e3mnedyroun
ACIMETpUYHHN 3B'I30K Ha KOPOTKUX BIACTAHAX 1
LeHTpaii3oBaHi cucteMu. Kpim Toro, mMaitOyTHi MeToam
JIOKaJi3alii MOBUHHI OyIyTh BPaxOBYBaTH TaKi MATaHHS,

SIK pI3HOMAaHITHICTh YHTAa4iB, MOOUTBHICTB, 3001 B CHCTEMI
Oe3reku Ta iHIIi.

VY miii poOOTI MpeACTaBIEHO OIS CYy4acHOTO CTaHy
cnpaB y cdepi Jokanizanii 3a gonomororo RFID-mitok.
Bona mpencTaBisie CydacHi PUHIMITA TO3UIIIOHYBaHHS
JUTs OE37POTOBUX MEPEXK BCEPEIMHI TPUMIIIICHB 3 OTJIS LY
Ha 1X YKMCJICHHI 3aCTOCYBaHHS, a TAaKOX KiacH(iKailiio
OCHOBHMX cxeMm Jjokamizanii RFID, 3nalimeHux B
JiTepaTypi.

1. TEXHosortd RFID

Mepexi RFID cknanatoThesi 3 TPhOX PI3HUX O0'€KTIB:
RFID-miTok, 34nTyBadiB i CepBepiB, SK MOKA3aHO HA PUC.
1. Bci RFID-mMiTKM BUKOPHCTOBYIOTh pajlioyacTOTHY
SHeprito i 3B'I3Ky 31 3uMTyBadamu. OpHak crocid
KMBIICHHS MITOK pI3HUTBCS. AKTHBHa MiTKa Mae
BOyIOBaHy OaTapelo, sika Oe3lepepBHO JXMBHUTH ii Ta
CXeMy paJioyacTOTHOrO 3B'A3Ky. TakuM  YHHOM,
3YMTYyBadi MOXYTb ME€peaBaTH CUTHAIM Jy>Ke HU3BKOT'O
piBHSI, a MiTKa MOXE BIJIIOBIIATH CHUTHAJIAMU BHUCOKOTO
piBHS. AKTMBHAa MIiTKa MOXE€ TaKOX MaTH JOAATKOBI
(dyHKLIT, Taki K Mam'sTh, JaTYUK a00 KpUnTorpadiuHun
MOIyNib. 3 iHIIOro OOKy, NacMBHAa MiTKa HE Mae
BHYTPIIIHBOTO JDKEpelia JKUBIEHHA. SIK IpaBHIIO, BOHA
pO3CilOE CHTHAN, OTPUMaHMi Bij 3unTyBada. [lacuBHI
MITKM MalTh MEHIIMHA PO3MIp 1 KOITYIOTh JICIIEBIIE,
HDK  aKTUBHI, aje  MaoTh JyXe  OOMeXeHy
¢yukuionaneHicts. Ocranniit Tin RFID-miTok — 11
HamiBakTHBHI ~ MITKH. Ili MITKM B3aeMOIiIOTh 31
3UMTYyBayaMH, SIK 1 TACUBHI MITKH, ajie B HUX BOYZOBaHa
BHYTpIillIHs ~ Oarapesi, sKa TOCTIHHO JKMBUTH IXHI
BHYTPIIIIHI CXEMHU.

1D = descriptiony...},
IDy, = descriptionq...},
1D = description{...},

B TagIDg Tag'IDyg B
Tag:Dy TagDg

Puc. 1. ApxitexTypa knacugroi cuctemu RFID

3untyBaui RFID mators nmBa intepdeticu. [leprmit —
paniogacTOTHHHA iHTEepQEc, SIKU 3B'I3YETHCS 3 MITKAMH
B  Jiama3oHi 3YMTYBaHHS, MO0 OTpUMATH  iXHI
imeHTH(iKaniiHl maHi. Jpyrmii - KOMYHIKaIifHWHA
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inTepdeiic, 3a3suuait IEEE 802.11 abo 802.3, mus
3B'A3KY 3 CepBEpaMu.
Hapemri, oqua abo KijbKa cepBepiB CKIIaal0Th TPETIO

YaCTUHY CUCTEMH RFID. Bonu 30MparoTh
ineHTH(diKaTOPH MITOK, HAAICIAHI 34YMTyBadeM, 1
BUKOHYIOTh OOYHCIICHHS, HalpHKJIAJA, 3aCTOCOBYIOUH

METOA JIoKamizamii. BOHM TakoX MICTATH OCHOBHY
YaCTHHY IPOMDKHOTO IIPOrpaMHOro 3a0e3rmedyeHHs 1
MOXYTh OyTH B3a€EMOITOB'SI3aHi1 MiXk COOOIO.

Cucremu RFID MokHa poO3IiMMTH Ha JIBI OCHOBHI
Kateropii  BIANOBITHO A0  IX  BHUKOPHCTaHHS:
MOHITOPUHTOBI Ta aBTOpH3arliiHi [3]. Jlo mepiroro kimacy
Hajexatb RFID-cucTtemu, B SKHX MITKA HEPO3PHUBHO
TIPUKPIIJIEH] 10 00'€KTiB, sIKi BOHH iAeHTH(IKYyrO0Th. Taki
Mepexi HaJal0Th MOXJIMBICTh NepeBipsTH,
KOHTPOJIIOBAaTH Ta ayTeHTH(iKyBaTH, sIKi came MITKU
MPUCYTHI B 30HI onuTyBaHHs. KiacuuHi npUKIaan
BHKOPHUCTaHHS — II¢ XyA00a abo moau 3 BOYIOBaHUMH
RFID-mitkamu. [lpyruii kiac BKJIIOYAae B ceOe CUCTEMH
RFID, B sixkux RFID-miTkM He mpukpimieHi 10 00'ekTiB

Ha TmOCTiHHIA ocHOBi. Yepes 10  BIACTUBICTB
ineHTH(diKamito ocobu, sika Bomomie RFID-miTkot0,
HEMOXITUBO HIEPEBIPHUTH. Tumnosi MPUKIIAaN
BUKOPDHCTaHHSl  aBTopm3auiiiuux cucteM RFID -

KOHTpPOJIb JOCTYIly B OyniBimi, Je MiTKH BOyIOBaHI B
KapTKH 200 KITIOYi.

1. ITIPUHLMIINA [TO3ULIOHYBAHHS JJIs1
BE3JIPOTOBMX MEPEXX BCEPEJIMHI I[TPUMIILIEHb

[NommpenHs pagiocuraaty B MPUMILICHHI MOB'A3aHe 3
YUCICHHUMH  Ipo0jeMaMy, TakUMH K  CHJIbHA
0araTolpoMeHeBiCTb,  PIOKICHMH  [UIAX  OPsSMOI
Bugumocti  (LOS), mnornmuanus, gudpakuis — Ta
BijyizepkaneHHs [4]. OCKUIbKM CHUTHAll HE MoOXe OyTh
BUMIpSHMI  JyXe€ TOYHO, B JiTeparypi Oyno
3allpOIIOHOBAHO  KiJIbKa ~alNrOpUTMIB  JOKamizalii B
npuMilenHi. Ix MoXHa PO3IITUTH HA TPH TPYIH: OLiHKA
BifCTaHi, aHaII3 CIIEHN Ta HAOIMKEHHS.

Ouinka BiacTani. Ll rpymna anropuT™iB BUKOPHCTOBYE
BJIACTUBOCTI TPUKYTHUKIB IS OLIIHKHA
MICIIE3HAXO/DKEHHST LT,  TplaHrymsmiitHuil  migxin,
MPOUTIOCTPOBAaHUN Ha PUC. 2, MOJSra€ y BUMIPIOBaHHI
kyra maminas (abo Angle Of Arrival — AOA)
IIOHAWMEHIIE JIBOX ONOpPHUX TO4YOK. Po3paxyHKoBe
MIOJIOKEHHS BiJIOBiNa€ MEPETHHY JiHIH, BHU3HAYECHUX
KyTamMH TmafgiHHS. HaBmaku, naTepariitHuil —Mmiaxif,
MIPOLTIOCTPOBAHUM Ha pHUC. 3, OIIHIOE TOJOKEHHS I
LUISIXOM OINHKW BiJCTaHEH 4O Hel MIOHAWMEHIIE BII
TPHOX OMOPHUX TOYOK. MeTOaM BUMIpIOBaHHS JalbHOCTI
BUKOPUCTOBYIOTh IOTY)KHICTh IPUHHATOTO CHTHAY
(RSS), gac mpubytrsa (TOA), pi3HHUIIO B Yaci mpuOyTTA
(TDOA) a6o ¢asy npuitasitoro curnany (RSP).

1) RSS: ocrnabneHHs] MOTYXHOCTI BHUIIPOMIHIOBaHOTO
CHUTHAIY 3aJeKHUTh BiJl BiICTaHI MK BHIIPOMIHIOBaYeM i
mpuiiMadeM. TakuM 9HHOM, ITiIb MOXKHA JIOKAaTi3yBaTH,
Maloud IMOHAWMEHIE TPH OMOPHI TOYKW 1 BiNIIOBIIHI
BTpaTH CUTHaIy Ha [UIXy [OMHMpeHHsA. byro
3alpOMOHOBAHO KIIbKA EMITIPHYHUX 1 TEOPETHIHHX
MojeNell A TEepPeTBOPEHHS PI3HHI MK HOTYKHICTIO
MepPeIaHoTO 1 MPUIHATOTO CHTHAIy B OILIHKY BiJCTaHi.
Cucremun ©Ha ocHOBi RSS 3a3Buuaii morpelyroTh
ajanTamii Ha MicIi, o0 3MEHIUTHA Cepio3HI HACTIIKA
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0araTornpomMeHeBUX 3aTiHEeHHS B
MPUMIIIEHHSIX.

2) TOA: BinctaHp MiX OIIOPHOIO TOYKOIO 1 IIJLTIO
TaKOX TIPONOpPLIHHA dYacy IOMMPEHHS CUTHAIY.
Cuctemn Ha ocHOBi TOA moTpeOyroTh MIOHalMeEHIIE
TPHOX PI3HUX BUMIPIOBAJILHUX ONMHUIIL JUIS BUKOHAHHS
narepanii 1ust 2-D no3unionyBaHHA. OJHaK BOHH TaKOX
BUMaramTh, MO0 yci mepejaBadi Ta NpuiiMadi Oymu
TOYHO CHHXPOHI30BaHi, a IepeJaBajibHi CHTHAIN MiCTHIN
YacOBI MITKH JJIs1 TOYHOI OITIHKH MPOWICHUX BiJICTAHEH.
SIKmo moctynHo Oifbllle TPHOX OIMOPHHUX TOYOK, MOXKHA
BUKOPHCTOBYBATH aJITOPUTM HaWMEHIIMX KBaJpaTiB abo
OIMH 3 HOro BapiaHTiB, 100 MIiHIMI3yBaTH ITOMUJIKY
JoKasi3anii.

3aBMHUpaHb 1

Arnigle 1

Angle 2
X \' '/ b4
Frown distance

Puc. 2. [IpuHumn tpiaHryasmii

3) TDOA: npunuun TDOA 0a3yerbcs Ha igei
BHU3HAYCHHS BIJHOCHOTO MiCIIE3HAXOKCHHS IIepeiaBaya,
BUKOPHCTOBYIOUM pI3HHIIO B 4aci, B SKHH CHUTHAI,
BUIIPOMIHIOBAHUI IIIJUIIO, HAAXOAUTH JIO JIEKLIBKOX
BUMIPIOBAILHUX OAWMHHIL. Tpu ¢ikcoBaHl mnpuiimadi
naroth (Ba TDOA 1, TakuM 4MHOM, 320€3Me4yI0Th TOUKY
MEPETHHY, SIKa € OI[IHOYHUM MICLE3HAXOKESHHIM LTI
Lleit meroj BuUMarae TOYHOI NPHUBSIBKK J0 4acy MiX
BuMiptoBasibHuME ofuHuLsAME. Sk 1 TOA, TDOA wmae
iHm Henoniku. Y mnpuMmimenHsx kanan LOS pigko
jpoctynHuii.  KpiM  Toro, paaionomMpeHHs — 4acTo
cTpaxkaae BiJ eekTy OaraTonpoMeHEBOCTI, 10 BILIHBAE
Ha Yac MPOXOJKEHHsI CUTHAJIIB.

Radius 2
i X

! Radus 1

% Radius 3

Puc. 3. IIpuanun TpunaTepamii

4) RSP: metox RSP, sxuit Takok Ha3WBarOTH (ha3oro
npudyTTs (POA), BUKOPHCTOBY€E 3aTPUMKY, BUPaKEHY B
YacTKaX JOBXHWHW XBWJII CHTHANY, JUTSI OI[IHKH BiJICTaHi.
Bin Bumarae po3MimieHHs mepeaBadiB y MEBHUX MICIISX
1 mepembayae, IO BOHH BHIPOMIHIOKOTH  YHCTI
cuHycoimanpHi curHamu. Jlokamizamist Moxke OyTh
BHKOHAHA 32 JOTOMOTO0I0 ()a30BHX BHUMIPIOBAHb i TOTO XK
anroputMy, mo i TOA, abo 3a 10TOMOro0 BUMipIOBaHb
pizanmi ¢a3 1 Toro x amroputmy, mo i TDOA.
Hemonmikom wmeromy RSP  mpum  3actocyBanHi B
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MPUMIIICHHI € Te, IO Ui OOMEXKEHHS IOMHIIOK
JoKajizamii oMy BKpaii HeoOXiHa  HasBHICTB
curHanbHoro Tpaxkty LOS.

5) AOA: AOA mossirae B OOYHCIEHHI HEpPETUHY
JCKITBKOX HATPSAMKIB, KOXCH 3 SKHX BHUXOJWUTH BiJ
pamiomaska abo Big 1um. JnOg  3HAXOIKEHHS
JBOBUMIPHOTO  MICIIE3HAXOMKEHHS  ITI  MOTPiOHO
[IOHaWMEHIIIe [Ba KyTH, BUMIpSIHI 3@ JIOIOMOTOI0 aHTEHU
abo MacuBy aHTEH 1 IEPETBOPEHI B IMPEKLIHHI JiHii.
TuM He MeHII, II€fi METOJN BHMAara€ CKJIagHOTO 1
JOpororo oOJajHaHHSA 1 OCOONMBO CTpaXkJaae BiX
3aTiHeHH 1 6araToNpOMEHEBUX BiI3epKaJICHb.

Amnamiz  wmicus.  Ilizxomqum g0  aHamizy  micus
CKIIQMAIOTBCSA 3 JBOX OKpemMux eramiB. CHouaTky
30upaeThest iHpOpMallis PO HABKOJMIIHE CEPeIOBHIIIE.
IToTiM OIIHIOETHCS MICHE3HAXOMKEHHS [T IIISTXOM
3ICTAaBJICHHS  OHJIAWH-BUMIPIOBaHb 3  BIJMOBIIHUM
HabopoM JaHuMX. SK TpaBWiIO, BHKOPHUCTOBYETHCS
JMAKTHJIOCKOMiss Ha ocHOBi RSS. JIBomMa OCHOBHUMH
MeTOAaMU HAaKTHIIOCKOMII €: MeTOod K-HaiOmmK4oro
cyciza (kNN), Ttakoxx BigoMHH sK pajiomana, Ta
IMOBIpHICHI METOTH.

kNN — Mertox kNN mojsrae B TOMY, IO CIIOYATKY
BuMiproeTeest RSS y Bimomux wicisix, o0 CTBOPHUTH
6a3y nanux RSS, sika HasuBaeTbes pagiomana. I1oTiwm,
mij yac oHNaiiH a3y, BUKOHYIOThCS BUMiptoBaHHS RSS,
HOB'SI3aH] 3 LU0, A7 TOMIYKY Kk HaiOmkuux 30iriB y
nonepenHb0 MOOYJOBAHOMY CHTHAJIBHOMY IIPOCTOPI.
Hapemri, OpuHOMI CepeIHBbOKBAPATHUYHOI TMOXHOKH
3aCTOCOBYETHCS JI0 OOpaHHX CYCi/iB, 100 BHU3HAYUTH
MPUOIIM3HE MiCIE3HAXOKESHHS LTI

IMOBipHICHMI MiAXiA - 3aBIAHHSAM IMOBIPHICHOT'O
MIJIXOJy € 3HaXO/KCHHS MICIE3HAXO/PKeHHsT Ll 3a
YMOBH, L0 € N MOXIIMBHUX MIiCIE3HAXO/KEHb 1 OIIMH
BEKTOP DIBHSI CHUTHAIy, SIKMH CIIOCTEpIiraeThcs MiJl 4ac
OHJIaWH (ha3u, BiJIOBIAHO J0 alOCTEPiOPHOT HIMOBIPHOCTI
ta Qopmyiau baiieca. Takum umHOM, oOHpaeTbCs
MICIIE3HaXO/DKEHHS 3 HaHOIbIIo WMOBIpHICTIO. SIK
MPABUIIO, IMOBIPHICHI METOJIU BKIIOYAIOTH Pi3HI €TaIH,
Taki sIK KauiOpyBaHHs, AaKTHBHE HaBYaHHS, OIIHKA
TTOMUJIOK 1 BIJICTEXKEHHS 3 ICTOPIEFO.

HaOmmwkenicts. OcTaHHIM THII METOMIB JIOKaji3amii B
MPUMIIIEHHAX 3acHOBaHMH Ha OnmusbkocTi. [leit miaxin
MOKJIA/IA€THCSI HA IIIIbHE po3MillleHHs aHTeH. Koy minb
MOTPAIUISE B paiyc Iil OfHIET aHTEHH, BBAXKAETHCS, 1110 i
MICIIE3HAXOKEHHS 30IracThCad 3 MICIE3HAXOKEHHIM
uporo npuitMaya. Koju 1ijib BUSIBISIOTH KijbKa aHTEH,
BBaXKAETHCS, IO ILIiJIb 3HAXOMUTHCA OLs Ti€el 3 HUX, fAKa
npuiiMae HalcuiapHImmHA curHan. el migxim mgyxe
MpoCTHHA 1 JIeTKo peamizyeTbes. OOHAK, TOYHICTH Mae
TIOPSAIOK PO3MipYy KOMipOK.

IV. CXEMU J1OKAIBALIL RFID

3amponoHOBaHO KilbKa METOMIB JIOKamizamii 3a
moromoroto  RFID-mitok. BoOHH  BHKOPHCTOBYIOTH
TIPUHIIATIN JIOKATi3allii B MPUMIMICHHA] Ta aJanToOBaHi 10
ocobmBocteit TexHonorii RFID. Yepes myxe oOMexeHi
MOXXJIMBOCTI MITOK 1 Ha BiAMIHY BiJ CIeI{ialbHUX i
CEHCOPHUX MepeX, JIOKAJI3aIlisl 3aBKAM [IEHTPaTi30BaHa.
3 macuBHUMH MiTKamMu a00 PIOKICHIM pPO3TOpTaHHSIM
3YUTYBaUiB MepeBara HaAeThCsl HAOIMKEHOMY ITiIXO.y.
I HaBmakw, KOIM MITKM MAlOTh OIJbIIy €HEpriro 1,
BIMOBiHO, OINMBINNMIA [iama3oH 3YMTYBaHHS, ab0 KOJIH
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3UMTYBaul LIJIBHO PO3MIILIEHI, JUIA JIOKaji3amii MiTOK
MOJKHA 3aCTOCOBYBAaTH OULTBII cKiamHi Mmeromu. Cxemu
nokamizarii RFID Mo)xHa po3AUIMTH HA TpU CiMEHCTBa:
jmaTepaimiss 3 OIIHKOI BiJICTaHi, aHali3 CICHH 3
pO3TOPTaHHSIM JOJATKOBUX OIOPHUX MITOK 1 MiAXia Ha
OCHOB1 OOMEXEHb.

OwiHKa BifCcTaHi:

1) SpotON [5]: SpotON 6a3yeThcss Ha BUMIPIOBaHHSIX
RSS Big perynpoBanux axtuBHHX RFID-miTok 3
BeJMKUM paaiycom nmii. Iligxim mpocTuit: Kinbka
3YMTYBauiB 30MpalOTh BUMIPIOBaHHsI PIBHS CHUTHAIY JUIS
TOro, 100 HAONMKEHO BHM3HAYMTH BIJCTaHL 3a
JIOTIOMOTOF0 (DYHKIIi1, BA3HAYCHOI HA OCHOBI EMITIPUIHUX
nmaHux. [loTIM BHKOHYIOTBCSA KJIACHYHI JlaTeparii Jyis
JIOKaTi3aIii MiTOK.

2) SAW ID-mitku [6]: miTku 3 imeHTH(IKAIi€EO
TIOBEPXHEBUX aKycTHYHUX XBWIb (SAW ID) € noBHicTIO
MacHBHUMHU. BOHM BUKOPHUCTOBYIOTH METOJHM CTHCHEHHS
IMITYJIBCIB 1 BEJTUKY KUIBKICTh MOKIIMBOCTEH KOJIyBaHHSL

KoxHa MiTKa ONMUTYETBCS 3a JOMOMOTOK  4acy,
3BOpPOTHOTO 1i immynbCcHOMY Biaryky. IloTiMm BoHa
pETpaHCIIoE KOpeJIbOBaHU I CUTHaJ. Ieit

peTpaHCIbOBAaHUN CUTHAJl TOKa3ye MiK aBTOKOPEJSIIii.
BiamnoBine 3 HaWOLIBLIOW aMILIITY/IOK 1IeHTU(IKYE
IIYKaHy MITKy. BifcTaHp MK KOXKHUM 34HTyBa4deM i Ta
MITKOI0O BHUMIPIO€TbCSI Ha oOcHOBI TOA HacTymHuUM
YHHOM:

—Topy — T — T

Tto tal,i sys cable,i
d, = .
Co

€))

3atpumka T, CIpUYMHEHA CHUCTEMOIO, Ta 3aTpPUMKa

S_\_?S’
T opte;» ~ CIPUYMHCHA
HPUIMAaIbHOIO AHTEHOIO Ta JEMOYJISITOPOM,
pO3paxoByrOThCst  miJ 4ac  (a3u  MONepeHbOro
xajiopysanHs. Yac 3aTpuMKkH T, OJHAKOBHH 11 BCiX
miTok. Komu pgocTymHi Tpu po3paxyHKOBI BiJCTaHi,
CUCTEMa BUKOHYE TPUJIATEPALIIIO JUTS JIOKAJi3allii MiTKH.
3) LPM [7]: cuctema JOKalbHOTO BHMIPIOBAHHS
nonoxeHHss (LPM) BHKOpHCTOBYE aKTHBHI MITKH.
Ockinbku BoHa 0azyerbest Ha TexHinl TDOA, 3unTyBaui
CHUHXPOHI3YIOTHCS 32 IOMOMOTOI0 OonopHux MiTok (RT) y
BijoMux 1 (IKCOBaHMX MO3HMILIAX, SIKI MPAIIOIOTh
6esnepepBHo. [licns oTpuMaHHS KOMaHIM aKTUBAIi,
oOpaHa BuMiptoBanbHa MiTka (MT) pearye B MOMEHT

q4acy typ-
BIINOBIJHMX CHMIHAJIB HAa KOXKHOMY 3YMTyBaul R MOXKe
OyTH oOuNClieHa HACTYITHUM YHHOM:

Kabels MM MK~ KOKHOIO

Takum 4nHOM, pISHALSL B 4acl tger

Cordr'ff(Ri) = Co(t,\ﬁr = tnr) + ||MT —R/|| -

@
[RT = R,

Awnanis Mmicus:

1) Landmarc: 1ist cuctema 3acHoBana Ha Metoi KNN.
OmnopHi MITKH, AKi € (QIKCOBAaHMMH MITKaMH 3 BiJIOMHM
TIOJIOKEHHSIM, PETyJSIPHO PO3TOPTArOThCS Ha TOKPHTIH
TepuTopii. 3YMTyBaui MalOTh BICIM pI3HHX piBHIB
notyxsocti. Lle#t miaxim momsrae y Bubopi K
HAOMIKYMX OMOPHUX MITOK 3 HEBIIOMOi aKTUBHOI
MITKH 3 HACTYIMHHM ITOKa3HUKOM JUI KOXKHOI OITOPHOI
MITKH :
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(3)

Z(Bﬁ =)
=1

Je N — KiIbKiCTh 34nTyBadviB, S, — RSS Tery, BumMipsnmii

3untyBavem i, a 6, RSS eranonnoro Ttery |,
BUMIpsiHMI 3unTyBadueM I. E mo3Hauae 3B'SI30K Mix
KOXKHAM CTaJOHHUM TErOM 1 HEBiIOMHM TETOM.
Koopaunat K HalOMMKYMX MITOK BHKOPHUCTOBYHOTHCS

IUIA JIOKai3aii MiTKH:

X 1
B2
(xefyg) = wa(xi,yi) , With w; = T (4)
i=1 ZJ'=1E
J

EranonHnuii ter 3 HalimenummM E mMae HaliOinbiny Bary.

2) VIRE: VIRE BukopucroBye mpunimn Landmarc,
TOOTO JIBOBHMIPHY PETYJSIPHY CITKYy OHOPHHX TeriB. TrM
HE MeHII, [edl MeTol BBOAUTH IOHATTS KapTu
Onmu3bKOCTI. Bcest 30Ha 30HIYyBaHHS TONUIAETHCS Ha
perioHH, Jie IEHTP KOXKHOTO PETIOHY BiZNOBIIa€ OMOPHIN
Mitoi. KoxeH 3uuTyBau miATpUMYE BIAacHY KapTy
Onu3bKOCTI. SIKIIO pi3HMIS MK BUMiproBaHHSM RSS
HeBizoMoi MiTKH 1 BuMiptoBaHHsIM RSS periony meHIia
3a MOPOTOBE 3HAYCHHS, PEriOH IO3HAYAETHCA K 1.
OO'enHaHHS KapT yCiX N 34NTyBadiB Ja€ IJIOOANBHY
KapTy ONM3BKOCTI JUisi Tery. Bu3HauaroThcsl N1Ba Barosi
koedinientn. Ilepmmii  neMOHCTpye  pO30IKHICTH
BUMIpIOBaHb RSS Mik BUOpaHUMHU €TaJIOHHMMH Teramu

Ta TEroOM:
n |8
|
Ji i
w,, = E A (5)
nxe,,
. it
=1
Je, N — KiNBKICTh 3uMTyBauiB, S, — RSS wmirkn,

BUMIpSIHUI 3unTyBaueM i, a 6j,i — RSS eTanonHol MiTKH
j, BUMipsiHuii 3unTyBadeM i. Jlpyruii BaroBuii KoeQirieHT

— ue ¢yHKUis, NOB'I3aHa 3 IIUIBHICTIO BHOpaHMX
€TaJOHHUX  MiToK.  HalimminpHima obmacte  Mae
HaKOlIbIIy Bary:
P;
Wy = Gng (6)

i g

2L,

e, n, — KUIBKICTB YCIX PETIOHIB, @ P, — BiIHOLICHHS
KOH'IOHKTUBHO MOXJIMBHUX DPETIOHIB /IO BCi€l TEPUTOPII.

KoopauHath  MITKM ~ OCTATOYHO  OOYMCIIOIOTHCS
HACTYITHAM YHHOM:

(xe’ye) = an X a’z;‘(xvyi)- (7
=1

3) ®inmprparis Kammana: 1ieil miaxix BHKOPHCTOBYE
TEru mocuiIaHb. [lepumii Kpok moisrae B 0OYHCIIECHH] 3a
poroMororo RSS-BuMiproBanp Big [BOX 34YMTYBadiB
Bigctani Di MiXX KOXHOIO €TaJOHHOI MITKOIO Ta
I1JIBOBOIO MITKOIO. Micre3HaxomKeHHS TeTy
OTPUMY€THCA IUIAXOM PpO3B'SI3aHHS 32 JIOIIOMOTOIO
ANTOPUTMY MiHIMaJTBHOL CepeTHhOKBAPATHIHOI
MTOXUOKY CHCTEMH HETIHIMHUX PIBHSIHD:

(G —x)+@,-y) =D VYi=1.n  (8)

Jpyruii Kpok nomnsrae B mooyAoBi IMOBIpHICHOT KapTH
BHMIipPIOBaHHS MTOXMOKH JJIs1 30HH BUSIBIICHHS 3YNTYBadiB.
Ilepmmii KpoK 3aCTOCOBYETBCS ISl KOXKHOI E€TaTOHHOI
MITKH, 100 OOYHCIIATH BiAMOBIAHY (PYyHKIIIFO pO3IOMLTY
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HMOBIPHOCTI ~ TOMWJIKM 32  JIOIIOMOTOIO  iXHBOTO
nepen0avyBaHOTO Ta peajbHOr0 MiCIIE3HAXODKEHHS.
[otim ¢ineTp Kanmana iTepaTHBHO BHKOPHCTOBYETHCS
Ha [id OHJAMH-KapTi, 100 3MEHIINTH BIUIUB
BAMIpDIOBaHHS TMOMHJIKH RSS i, TakuM dYuHOM,
MMIABUILIATH TOYHICTH JIOKAII3aLil.

4) Scout: Scout HaneXKUTh IO CiMeiicTBa IMOBIPHICHUX
MeToqiB Jokamizamii. Ilefi MeTon TakoX BHKOPHCTOBYE
€TaJIOHHI TEeTH Ta JEKiJIbKa 3YMTyBadiB. AKTHBHI MITKH
JIOKANI3YIOThCSL B TpW eramu. [lo-mepiue, kamiOpyroThes
napaMeTpy PO3IMOBCIOKEHHS 3a JIOTIOMOTOI0 €TaTOHHUX
MiTok Ha Micui. [lo-gpyre, BiacTaHP MDK LIJILOBOIO
MITKOIO 1 3YMTyBauaMH OI[IHIOETBCS 32 JIONOMOTOIO
iMoBipHicHOT Mozenti RSS. Hapernri, micue3HaxopKkeHHs
MITKM BH3HAUYa€ThCd 3a JIOMIOMOTOK 0aleCiBCHKOTO
BHUCHOBKY. ITepaTMBHO pO3paxoOBYIOTHCSI MPOTHO30BaHi
BIPOTiJTHOCTI, SIKi MOTIM KOPHUTYIOTHCSI 3a JIONIOMOTOIO
CIIOCTEpEeXEeHb J0 OTPUMAaHHS SIKICHOT MOJENi, 10 Jae
OIlIHEHY TUIOIY.

V. [IEPCITEKTUBU

be3npoToBi Mepexi MOTEHILIHHO MICTITh BEJHKY
KUTBKICTh iH(popMarii. KiTbKicTh 1 pi3HOMaHITHICTh IXHIX
KOMIIOHCHTIB MOXKe OyTH BHKOpPHCTaHA VIS ITiBHIICHHS

toyHocTi Jiokamizanii RFID-mitok. Tomy MaitOyTHi
METO/M JIOKaji3alii IOBHHHI BpaxOBYBAaTH KiJIbKa
aCIIEKTIB:

— paZiovyacTOTHa MOJCNb: OUIBIIICTh ICHYIOYHX

METO/IIB BUKOHYIOTH BuMiproBaHHi RSS. Opnak, sk
MPaBUJIO, BOHU BHKOPUCTOBYIOTh MOJEI, PpO3pOOJIeHi
st 6e3aporoBux Mepex. [Tommpenns RFID mae nesiki
0COOJNMBOCTI, SIKi CINiJi BpaxoBYBaTH Yy BIANOBIIHIN
panioyacToTHIN Mozelti.

—  HQJMIpHICTh  3YMTYyBadiB: Ha/UIMIIKOBICTh
3UMTYBauiB  CJiJl OiIbllle BUKOPHCTOBYBAaTH  JUIsI
OTpUMaHHs OLNbIIOT KUIBKOCTI JaHWUX 3 ypaxyBaHHSIM
po0JIeM MpH IUILHOMY PO3MILICHHI 3UMTYBaYiB.

— PI3HOMAHITHICTh 3YMTYBadYiB: JIOKATI3aIlisl B MEPExKi
RFID 3i 3umrtyBauamu, sIKi MarTh pi3HI Jiana3oHd
3UUTYBAHHS, aHTEHH 1 TOTYXKHOCTI, MOKe OyTH LIKABUM 1
OLTBII pealicCTHYHUM ITiIXOI0M.

—  IHTeNeKTyallbHi ~ OOMEXEHHs:  IHTeNeKTyalbHI
OOMEKeHHsI MOXKYTh OyTH BHUBEICHI 3 MeTaiH(opmailii.
Hanpwukiaza, aBi MITKH, 3aKpiljieHi HA OJHIN YIaKOBIIi,
BU3HAYAIOTh OOMEKeHHsT Ha (I3UYHY BIJICTaHb MIX
HUMH.

— MOOIIBHICTB: TIOPUIHI CHCTEMH 31 CTATHYHHMH Ta
MOOITPHUMHU 3YMTYyBadaMH TIOBHHHI PO3TILNATHCS IS
30UTBIIEHHS. KITBKOCTI Ta PI3HOMAHITHOCTI 3i0paHmX
JaHUX.

— MacmraboBaHICTh: MacITaOOBaHICTE  METOIB
nokamizanii RFID moBurHHa OyTH peTeIsHO BUBUYCHA,
mo0 BH3HAYHATH KUTBKICTH MITOK, fKi MOXYTh OyTH
3UMATaHI 3a TEBHHHA Tepiof; YacTOTy YCHIIIHOTO
3UATYBaHHS 1 1i BIUIMB Ha TOYHICTB, 1 CKUIBKH Yacy
3aiiMae po3paxyHOK JOKATi3aIlii.

— w™etpuku: cxemu Jokamizamii RFID we MoxxHa
0e3mocepeTHHO TTOPIBHIOBATH, OCKIIBKA BOHH 0a3yrOThCA
Ha pi3HUX Timore3ax. [likaBOlO METPUKOIO, SIKy CIiJ
TOYHO BHW3HAYHMTH, Oyna O TOYHICTH Yy TOpPIBHSHHI 3
BapTICTIO BCi€i cHCTEMH.

VI1. BUCHOBKU
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VY wiit craTTi po3MISTHYTO Cy4YacHWH CTaH JIOKajli3amii
32  JOMOMOTOK  pajiovyacToTHOi  igeHTH(ikamii.
[pencraBneni Metoau Oymm kiacu]ikoBaHi BiAMOBIIHO
J0 iX MiAXomy: OmiHKa BIJICTaHi, aHai3y Michsi abo
TOIIOJIOTIYHI 0OMexeHHs. [Ipr3HaueHi a1t macuBHUX abo
AKTHBHUX MITOK, JIEsIKi METOIM BUMAraroTh pO3TOPTaHHS
€TAJOHHUX  MITOK, TOAI K iHOI  THOTPeOyrOTh
creniaNbHOTO OOJIaZHAHHS JUIS BpaxyBaHHS 3MiH Yy
HaBKOJMIIHBOMY  CEpElOBHIN Ta  IEpexoay 1o
KajxiOpyBanHs. | HaBmakm, nesiki MeTomu po3poOieHi
TaKUM  YMHOM, 100 OyT OUTPII ~ E€KOHOMIYHO
e(peKTUBHUMHU 1 JIETIIE aqanTyBaTHUCS O BUKOPHCTaHHS
pi3HOTO O0JIaHAHHS. 3 TOYKH 30py MacCIITa0OBAaHOCTI Ta
JOCTYIHOCTI, Ili MeToan mosunionyBanHs RFID matots
CBOI BaXIMBI XapaKTEePHCTHKH TPH 3acTOCYyBaHHI B
peanbHUX yMoBax. Bubip merony i TexHororii (mmacuBHi
a00 aKTHWBHI MITKH) CYTTE€BO BIUIMBA€E Ha JCTANI3AIIO 1
TOYHICTH 1HQOpMAIii PO MICIIE3HAXOKEHHS, a TaKOX
Ha 3arajibHy BapTicTh i eekTuBHICTh cuctemu RFID.
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JloCT1IPKEHHS UCTIEPCIMHUX XapaKTEPUCTHUK
MIKPOCTPYKTYPOBaHOI'O ONITUYHOTO BOJIOKHA B YMOBaX

nedopmarrii
Bacwis Tys!,Bonogumup Uymakos?, Onekcanap @ununenko?, Oxcana Cuuosa?
1. Kacempa MEEIIII, Xapkischkuit HanionanbHuit yHiBepeuTeT pajioenextpoHiky, YKPATHA,
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Anomauis: JlocnipkeHHS, TIpoBeAeHI B JaHiii poOoTi
TOKa3au, SIKMIIA BILIUB Mae nedopMmarts
MIKPOCTPYKTYPOBAaHOTO ONTHYHOTO BOJIOKHA Ha  JUCIIEPCIO
curHaiy. [loOymoBaHa MoJenb IONEPEYHOTO  MEPETHHY
MIKpOCTPYKTYPOBAHOTO ONTHYHOr0 BOJIOKHa Oe3 nedopmartii, a
TaKoXX MOJIeNb, IO IMITye 3MiHEHHS CTPYKTYPH BOJIOKHA, SIKE
BiZIOyBa€ThCS B Iporeci Horo aedopmarnii y BUTIIIII BUTHHY Ta
ckpyuyBaHHs. [loka3aHo, Sk 3MiHEHHSI TeOMeTpil IONIepEeIHOTO
MEPEeTUHY ~ MIKPOCTPYKTYpOBAaHOTO  ONTHYHOI'O  BOJIOKHA
TIPU3BOJUTH 10 3MIHEHHS 3HaY€Hb XPOMaTHYHOI AUCTIEPCii.

Knrouosi  cnoea: JICTIEPCis; OINTHYHE BOJIOKHO;
MIKPOCTPYKTYpOBaHE  ONTHYHE  BOJOKHO,  KOMIICHCAIIiS
JMcHepcii; BTpaTi ONTUYHOTO CHTHAITY.

. BCcTvin

B cucremax nepenaui indopmariii Ha BEIMKI BifCTaHi,
10 BUKOPUCTOBYIOTh TEXHOJIOTII0 IITBHOTO
CHEKTPaJIbHOTO MYJIBTHUINIEKCYBaHHS, 32 PAXYHOK Pi3HUX
HeraTMBHUX (HaKTOpiB, MOXXE BHUHUKHYTH JAWCIEPCis
curHamy. Jlucmepciss NpU3BOAUTH 1O CIIOTBOPEHHS
curHaimy 1 mpobimemM 3 HOro OTpUMaHHSIM  Ta
JIeKoqyBaHHSAM. ToMy, B TakuxX CHUCTEeMax JOLLIBHO
BUKOPHCTOBYBATH CIELiJIbHI MPUCTPOT — KOMIIEHCATOPH
mucnepcii (Dispersion Compensation Module, DCM), siki
J03BOJIAIOTH IIepeAaBaTi ONTHYHUK CHTHAJ 10 IpHiiMada
0€3 KPUTHYHHUX CIIOTBOPEHb.

B xommneHcaropax aucrepcii Hapsiay 31 CTaHAAPTHUM
ONTHYHUM BOJIOKHOM, BUKOPUCTOBYIOTb
MIKpPOCTPYKTYpoBaHi onTtuuHi BonokHa (MOB), ski
3aBISIKM CBOIM crielM(ivHiil CTPYKTypl IOMEPEeYHOTO
MepeTHHY, MalOTh YHIKaJIbHI BJIACTHBOCTI MOPIBHSHO 31
CTaHZapTHUMH OJHOMOAOBUMH a00 0araToMOJOBUMH
ONTHYHUMHU BOJOKHAMH. MIKpPOCTPYKTYpOBaHE ONTHYHE
BOJIOKHO — II€ BOJIOKHO, SIK€ Ma€ CKIagHy CTPYKTYpY
morepedHoro mepetuHy (puc. 1). OOGomoHKa Takoro
BOJIOKHA MICTUTBH HOBITPSIHI OTBOPH, a CEPIIEBUHA MOXeE
OyTH KBapII0BOIO 200 MTOPOKHBOIO.

Puc. 1. [onepeunuii mepeTHH MiKPOCTPYKTYPOBAHOTO
ONTHUYHOTO BOJIOKHA

B 3anexHocti Bix tuny MOB, po3mipy niametpis
OTBOpIB B 00OJOHII Ta IX B3a€EMHOrO pO3TalllyBaHHS,
ICHYIOTh PpIi3HI CIHeIiali30BaHi IMAaCUBHI Ta aKTHBHI
eneMeHTH (DYHKITIOHAJILHOI IEKTPOHIKU Ha iX OCHOBI.

MOB 3 BenMKMM JiaMETpOM CEpUEBHHH MOXYTh
BUKOPHCTOBYBATHCS B SKOCTI CEpelOBHIIA Iepenadi
CBITJIOBUX TIOTOKIB BHCOKOi iHTeHCHBHOCTI. B MOB
3 MaJIIMH PO3MipaMU CEpIECBUHH 3MEHIICHI TTOPOTH BCiX
HENMHIAHUX e(eKTiB, 0 BUKINKAE BEJIMKUN 1HTEpEC VIS
CTBOpPeHHsT  e(eKTHBHMX  pPaMaHIBCBKMX  JIa3epis,
MIICHIIOBAYiB, ONTHYHMX [EPEMUKAYIB, a TaKOX
TeHepaTopiB CyNepKOHTUHYYMY — JDKepesa O1iJIoro cBiTia
3 JIy)K€ BHCOKOIO EHEpPreTH4HOI sckpaBicTio. Taki
JoKepesla MOXKYTh 3aCTOCOBYBaTHCs B cuctemax DWDM.
3aBasgku CBOIM YHIKIbHUM JUCTIEPCIHHUM
BiacTuBocTsiM, MOB Bke HaX0AATh CBO€ 3aCTOCYBaHHS B
SKOCTI ~ KOMIIGHCATOPiB  Jucrepcii B BOJIOKOHHHX
CHCTEMax 3B A3KY.

JlocipKeHHs! ONTUYHUX BOJIOKOH, SIKI MAIOTh CKIIAJIHY
CTPYKTYpY IONEPEYHOIro IEPeTHHY, a TaKOX BIUIMB iX
ONTUKO-TEOMETPUYHUX TapaMeTpiB Ha pPI3HOMaHITHI
XapakTepUCTHKWA  Mepejadi  CUTHaIy B IIpoleci
oprasizauii B3aeMoii MK CEHCOpaMH Ta BUKOHABYMMH
MPUCTPOSIMH  CYYaCHHX IHTEJICKTyallbHUX OO0 €KTIB €
aKTyalbHUM, a JesKi 3ajgadl Bce Il SBISIOThCS HE
BupinieHuMu. JlaHa poOoTa MpHUCBSYEHA IOCHIIPKEHHIO
BIUMBY Jedopmallii MIKpOCTPYKTYpOBaHOTO ONTHYHOTO
BOJIOKHA Ha WOT0 IUCTIEPCiiiHI XapaKTePUCTHKH.

Il. BIUIMB JE®OPMALIIT
MIKPOCTPYKTYPOBAHOI'O OIITUYHOI'O
BOJIOKHA HA IOI'O XAPAKTEPUCTHKU

Komnerncarop aucnepcii — e macuBHAN MPUCTPIH, 110
TEXHOJIOTIYHO € BiIPi3KOM ONTHYHOTO BOJOKHA (iHOZI
JOB)KMHOIO B JIEKiJbKa KIJIOMETpiB), PO3TAIIOBAaHUN B
Koprryci. OnThyHEe BOJIOKHO MAa€ BiJ €MHE 3HAYCHHS
mucrepcii, 3aBOSKA YOMY BiJHOBIIOE CIIOTBOPEHUMA
CHTHAJL

[lix wac BKIAaJaHHS ONTHYHOTO BOJIOKHA y KOpITYC
KOMIICHCATOpa JUCIEPCii, BOJOKHO Ae(hOpMYETHCS,
YTBOPIOIOTHCS BUTHHH Ta CKPYYyBaHHS, IO MPU3BOAUTH
J0 BUHHKHEHHS JOJaTKOBHX BTPAT CHTHAIY 33 PaXyHOK
YTBOPEHHS BUTIKaIOUHX MO (pHcC. 2).

Kpim 3atyxanns, nedopmaris MOB BmmmBae i Ha
mucriepcito  curHaiy. JucrmepciiiHi - XapaKTepUCTHKH
MOB 3 TOpOXHBOIO CEpIEBHHOI0 HAa CHOTOIHIIIHI
BUBYEHI He B MOBHIA Mipi. CBITIO B BOJOKHaX TakKoro
THUITY, Ha BiMiHYy BiJl CTaHAAPTHUX ONTHYHUX BOJIOKOH,
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PO3ITOBCIOKY€ETHCS TIepeBayKHO MIOBITPSHOIO
CEpLEBUHOIO, a HE KBapLOM. TOMy IMCIIepcis Ta BTpaTu
3alekaTh  HacaMIepel  Bil  BiAOMBHOI  3IaTHOCTI
MEPIOJNYHOI CTPYKTypH OOOJIOHKH B MONEPEUYHOMY
HampsIMKy. A BOHa, B CBOIO 4Uepry, 3alieKHTb BiJl
JIOCKOHAJIOCTI TIEPIOJUYHOI CTPYKTYpH, MPOTSHKHOCTI B
paziabHOMY HAIpsIMKY Ta 4iTKOMY JTOTPUMAaHHIO YMOBU
PIBHOCTI TIepioly CTPYKTypH IJIOMY YHCIy HiBXBHJIb
BHUIIPOMIHIOBAaHHSI.

Puc. 2. Brparu curHaay Ha BUTHHI ONTHYHOTO BOJIOKHA

Ha Bigminy Bim MOB 3 MOpOXHBOI CEPIICBHHOIO
30HHa CcTpykTypa MOB 3 KBaplioBOIO CeplEeBUHOIO
IIPOABJIAETBCA TiIII)KI/I HEIpsAMHUM YHUHOM, a XBI/IHCBO)IHi
BJIACTHBOCTI BH3HAYalOThCS B OCHOBHOMY e(dekToMm
NOBHOT'O BHYTPIMIHBOrO BiAOMTTS. B wiit curyamii
HEOOOB’SI3KOBOIO  SIBIISIETBCSI  YiTKa  TIEPIOIMYHICTH
pO3TallyBaHHsS TOBITPSHUX KaHAJIB B OOOJIOHIlI, TOMY
0 BU3HAYHUM (aKTOpOM € BENIMUMHA ii CepeHBOro
koedirienTa 3anomiieHHs. KibKicTh CIpIMOBaHUX MOJI B
kBapuoBiii cepueBrnHi MOB  BH3HauaeTbcs  TINBKU
BEJIMYMHOIO BiJHOLICHHS JiaMeTpa MOBITPSIHUX KaHAIIB
JI0 BIACTaH1 MiX iX OCSIMH.

BnactuBocti MOB  chpoiieHoi  cTpykTypu 3
JIlaMeTpOM MOBITPSHUX TPYOOK Maii’Ke TaKUM CaMUM, SIK
BiJICTaHb M)XK HHMH, MOJIOHI BIACTUBOCTSM KBapI[OBOTO
BOJIOKHA 30BCIM 0€3 000J0HKH. BHAacHigIoOK BHCOKOro
KOHTPACTy TMOKa3HHUKIB 3aJIOMJICHHSI TIOJie CBITJIIOBOI
XBHJI IPOHHUKAE 32 MEXKI CEPIICBUHH Ha BIICTaHb, MEHIITY
JiamMeTpa MOBITpsHOI TpyOku. ToMy BIUIMB CTPYKTYpHU
BOJIOKHA 11032 TEpIIOTO KiJblsl MOBITPSHUX TPYOOK
BUSBIIETHCS HE3HAYHUM. 3aBIAKU CHIIBHIN KOHLIEHTpaLil
cBiTJIa B cepueBuHi, BiacTuBocti MOB 3i crporieHoo
CTPYKTYpOIO MaJio BIiJIPI3HSIIOTBCSL BiJl BJIACTUBOCTEH
MOB 3 BeNMKOIO KiJIbKICTIO OTBOPIB.

B MOB, sike MiCTUTbh BChOTO OJIHE KIJIbII€ MOBITPSHUX
TpyOOK, OTOUYYIOUMX CEpLEBHHY, MOXXHa OTPUMATH
CITONTyYeHHS CHJIBHOI HeNiHIMHOCTI 1 Mamoi mucmepcii
B IIEBHOMY Jiama3oHi HOBXWH xBmwib. MOB 3 wmamnoro
IUIOLICI0  CEpUEeBMHM Ta  BEJIMKUMH  OTBOPaMH
JIO3BOJISIIOTH OTPUMATH HENiHIMHI e(EeKTH B BOJOKHAX
MaJIOi TOBKHUHHU.

KpiMm Toro, BHCOKMH  KOHTPacT IOKa3HUKIB
3aJIOMJICHHS 3a0e3Iedye BeNUKe 3HAYEeHHS XBHIICBOIHOL
mUcriepcii, ska Moxe OyTH  BHKOpHUCTaHa  JUIA
KOMIIeHcarlii MarepianpHOi aucmepcii  kBapiy. Lle
JIO3BOJISIE 3MICTUTU JOBXKHUHY XBIIII HYJIOBOI JTUCIIEPCii B
Oyap-Ky TOYKY CIIEKTpa, 30KpeMa B 00JaCTh BHANMOIO
CBITIa, oo € IIKaBUM JJs peaizamii TeHeparlii
CHEKTPaJILHOT'O CYNIEPKOHTHHYYMY.

Pazom 3 TumM, MOB 3 ceprieBHHOI0 MaJIOTO JiaMeTpa
Jy>Ke 9yTIIMBI 10 HE3HAYHHUX 3MiH X CTPYKTYpH.

Jucriepcito  MIKpOCTPYKTYPOBaHOTO  OITHYHOTO
BOJIOKHA MO>KHA BH3HAYUTH TAaKHM YHHOM:
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2
D A dong
MOF — T o
c d\?
Jie C — MBHUJIKICTh CBITJIa B BAKyyMi;
Neff — €PEKTUBHUI IMOKAa3HUK 3asioMiteHHS MOB;

A — IJOBIKHHA XBHIII.

I11. EKCITEPUMEHTAJIbHI JIOCJIIJDKEHHS

Taki medopmartii MiKpOCTPYKTYPOBAaHOTO ONTHYHOTO
BOJIOKHA, K BUTHH Ta CKpPyYyBaHHs BIUTHBAIOTH Ha
pO3MOJIII MOJIOBOTO TIONS B CepleBHHi. [IpoBeseHe
KOMII'FOTEPHE MOJICITIOBAHHS IEMOHCTPYE I1e (puc. 3).

a 0

Puc. 3. Brpatu curHany Ha BUTHHI ONTUYHOTO BOJIOKHA
(a — po3mogin moxoBoro monst B MOB 6e3 nedopmariiii;
0 - po3mnoia MooBoro moiist B neopmoBanomy MOB)

Ha puc. 4 momano 3ria/pkeHuil rpadik 3alexHOCTI
XpoMaTHyHOl Jucrepcii Bix moBxuHKA XxBuwii s MOB
6e3 nedopmarii 3 pamiycom cepieBruHU 40 MKM KPOKOM
po3TalllyBaHHS MOBITPSIHUX OTBOPIB 12 MKM, JiaMeTpoM
MOBITPSHUX OTBOpIB 3,2 MKM (CyLiibHa IiHis), Ta

nedopmoBanoro MOB (IyHKTHpPHA JTiHIs).
40

30

D, ps/nm-km

20 /

-30

A, pm
Puc. 4. Xpomaruuna aucrepcis aist MOB 6e3 gedopmarii

(cyuinbHa niHis) i neopmoBaroro MOB (yHKTHpHA JTiHis)

B Ttabmumi 1 momaHo 3HAaYCHHS ~XPOMATHYHOI
mucriepcis s 06ox moxeneit MOB, 1o Opanu y4acTs B
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eKCTIIEpUMEHTI, a TakKOoXX pO3paxoBaHE 3HAYCHHS
abCcomIOTHOI pi3HUII MK HUMH. MoXHa 1mobaduTy, 10
nedopmantis crpyktypy MOB y Burmiagl 3MiHeHHS
(opMHu OTBOpIB, a TAKOX MOPYLIEHHS iX pO3TallyBaHHS,
Ma€ BIUIMB Ha Takuid TapaMeTp, SK XpOMaTH4HA
qucnepcis. B jaHoMmy BHIIaaKy MakCHMaibHa Pi3HHIS
XpoMaTnyHOi mucnepcii cximamae 17 1mc/(HM kM) Ha
JOBXKUHI XBWI 1.6 MKM, a cepenHe 5,6 Tic/(HM KM).

TABIMI 1. XPOMATUYHA JUCIIEPCISI MOB

. . AbcomroTHa

Tossxun Jucnepcis Hucnepcis SH

ORXHHa MOB 6e3 nedopMoBa PISHHILL

XBHJTi, MKM 3Ha4YeHb

nedopmariii Horo MOB

rcnepcii
0.6 -23.3 -18.1 5.2
0.7 -15.4 -10.3 51
0.8 -5.2 -21 3.1
0.9 0 4.3 4.3
1.0 6.1 8.4 2.3
1.1 12.3 11.9 0.4
1.2 20.0 14.8 52
1.3 25.2 19.2 6
1.4 30.1 22.7 7.1
1.5 32.3 24.1 8.2
1.6 33.0 16.0 17
1.7 35.4 28.2 7.2
1.8 34.0 30.1 3.7
1.9 33.2 29.3 3.9

V. BUCHOBKU

JocnmimKkeHHs, MpoBeieHI B JaHii poOOTi MoKa3aiw,
SKUW BIUIMB Mae aedopmarlisi MiKpOCTPYKTYPOBAHOTO
ONTHYHOIO BOJIOKHA Ha  MapaMeTpu CHTHANYy, II0
nepenaerses.  IloOynoBaHa  Mopesnb  IONEPEYHOTO
nepetuny MOB 6e3 nedopmartiii, a TaKoXX MOJIENb, 10
IMITy€e 3MIHEHHSI CTPYKTYpH BOJIOKHA, SIKE BiI0OYBa€ThCs B
mpomeci  #Horo  ekcrutyatamii  abo  peamizaiii
PI3HOMAaHITHHX HPUCTPOIB, HAMPUKIAH, KOMIIEHCATOPIB
mucriepcii. Hacammepen, me npedopmamii y Burimsami
BHUTHHY Ta cKpyayBaHas MOB.

3MmiHeHHsT TeoMmeTpii momepedHoro mepetuny MOB
OPU3BOAWTG O 3MIHEHHS 3HAa4eHb XPOMATHYHOI
mucriepcii. MakcumanbHe 3HAYCHHS TaKUX 3MiH B
HAIIOMY BHIIAAKY cKiazae 17 mc/(HM-KM) Ha JIOBXKHHI
xBuii 1.6 MkM, a cepemHe 5,6 mc/(HM'KM) Ha BCbOMY
Jiama3oHi JOBXXHH XBUJIb, IO TOCIIIKYBAIHCH.
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OCHOBHI eTanu po3po0JICHHSI HA3EMHOT'0 MOOIJIBHOTO

poboTa

Tumyp JIuxo!, Ceitnana Makcumosa?
1. Kadenpa KITAP, XapkiBcbkuii HarjioHanbHUH yHiBepcHuTeT panioenekrponiku, YKPAIHA,
JIro6otuH, By IlIMmigra, 9, e-mail: tymur.lykho@nure.ua
2. Kadenpa KITAP, XapkiBchKkuii HalliOHANBHMI YHiBepcHTET pamioenekTporiku, YKPATHA,
Xapkis, npoct. Hayku, 14, e-mail: svitlana.milyutina@nure.ua

Anomauia: Y crarTi po3risIHyTO KJIIOYOBI €Tamy po3poOKu
HA3eMHOTO MOOUTRHOTO po0O0Ta, IO BKIFOYAIOTH BHU3HAYCHHS
¢yHKIIH Ta 3aBmaHp pobora, BHOIp amaparHOi IUIaThopMH,
MpOrpaMyBaHHS, TECTYBaHHS Ta ONTHUMI3allil0 CHCTeMH. Y
pesynbrari poboTH Oyne BH3HAYEHO OCHOBHI MiJXOIH JI0
CTBOpEHHS pO0OTIiB, iX TeCTyBaHHA i ONTHUMI3aIlii 1A Pi3HUX
CepeIOBUII Ta 3aB/IaHb.

Knwuogi  cnosa:
poboTH30BaHa CHCTEMa

MOOUTBHUI ~ po0OT, pPOOOTOTEXHIKA,

. AkTyanbHICTh poOOTH.

VY Hamn yacu MOOUIBHI poOOTH BiJIrpalOTh BaXKIHBY
poNb B aBTOMATH3AIlil MMOBCAKACHHUX, OIHOTHITHUX
3aBJaHb, 110 A03BOJIIE 3HAYHO MIABUIIMTH €(PEKTUBHICTD
y Takux cdepax, SK JIOTICTUKA, BUPOOHHIITBO, arpapHHUi
CeKTop, BilichkoBa cmpaBa Ta iH. Po0OTH MOXYTh
BUKOHYBaTH CKJIaJHI a0o HeOe3meuHi, s JIIOJUHU
3aBllaHHS, [0 MIHIMI3ye pU3UKH Ta 30UIbLIyE
MIPO/IYKTUBHICTb.

Jinst po3pobieHHsT Ha3eMHOro MoOOUIBHOrO podora,
HEOOXIJIHO TpPOWTH TEBHI €Talmud CTBOPEHHS poOOTa,
OCHOBHI 3 HUX Oy/ie BUCBITIICHO Y JaHiii poOOTi.

II. Marepian 1 pe3yJabTaTh JOCIIHKCHb.

Po3pobnenHss Ha3zeMHOro po0oTa 1€ TpUBAIWE Ta
KPOMITKHI TpoIec, 1110 ToTpeOye 3HaHb Y PI3HUX HayKax,
BiJl MaTeMaTuKu Ta (i3uku A0 OioJorii Ta aHaToMIl, ane y
3arajJbHOMY JUIS [BOTO HEOOXiMHO NpOWTH 4 eTamnw,
PO3IIISIHEMO KOXKEH 3 HHX.

1. BusnaueHHs GyHKIN Ta 3aBAaHHs po0OoTa.

Ha panomy erami po3poOHMKY HEOOXiTHO HiTKO
BU3HAUUTH OCHOBHI (YHKIIT Ta 3aBAaHHi poOOTa,
OCKUIBKH II€ BIUIMBAaTUME Ha IIONAIBIIMA  XIJ
po3spoberts [1].

[eprr 3a Bce, HEOOXIAHO 3’ACYBATH, SIKE 3aBJAHHS Ma€
BUKOHYBaTH po0OoT. lle Moxe OyTu MOHITOpHHT (pHC.
1.a), matpynroBaHHs 00’ekTiB (puc. 1.0), BUKOHAHHS
JIocTaBok (puc. 1.B).

anemometar

Pucynok 1 — Burisg MoOinsHEX poOOTIB: a - po6oT
MOHITOpPHHTY 3a0pynHeHHs «Rasmusy [2], 6 - oxopoHHMIA
natpyneHUiA pobot «S5.2» [3], B - pobot-kyp’ep «Camelloy [4]

Takox BapTO BpaxyBaTH pobOUe CEPeOBHIIE Y SIKOMY
Oyne ¢ynkuionyBat poGot. Hampukman, MoOuTbHHI
po0OT, M0 MpAIfoe B YMOBaxX 3aKPHUTOTO TPHUMIIIECHHS,
notpedye 1HIIOro MiX01y A0 HaBIralii, Hi>k poOoT, SIKHi
(yHKLIOHY€e Ha BIAKPUTUX NPOCTOpax ab0 y CKIAJAHHX
MPUPOTHUX YMOBaX. Hast poborTiB, SIKi
BUKOPHCTOBYIOTBCSI B JIOTICTHYHHMX IIeHTpax abo Ha
CKJIaJ]ax, BXKJIMBO 320€3MEYUTH TOUHICTh MEPEMIILCHHS 1
3/IaTHICTh MPAIIOBATH B OOMEXEHHUX IIPOCTOPAX, TOII 5K
pobOTH Ui 3OBHIIIHIX CEPelOBUIL MaloTh OyTH
CTIMKAMHU JI0 KINIMATUYHUX YMOB 1 IEpenaiiB penbedy.

He MeHIII BAYKITMBO BUPIIIMTH SIKUM YHHOM po0OOT Oy/ie
nepecyBaTuch. Hampukiaz, o poGOTH B IPUMIIIEHHIX
HaifyacTille BUKOPUCTOBYIOThCS KOicHI pobotH (puc. 1)
yepe3 IX MPOCTOTY, BUCOKY MIBHIKICTH Ta MaHEBPEHICTh
Ha PIBHHUX TOBEpXHSAX. Y TOH dYac, TyCEeHH4YHI poOOTH
(puc. 2.a) migxomsaTh IUis POOOTH B OUIBII CKIAIHHX
yMOBaX, Ji¢ TMOTpiOHO Jjgojatu mepemkoad  abo
MpalfoBaTH Ha HEPiBHUX MNOBepxHiX. g pobotn B
0COONHMBO  CKJIAJHHUX CEpelOBUINAX MOXYTb OyTH
3aCTOCOBaHiI Kpokykoui pobotu (puc. 2.0), sSKi MOXYTh
TIepEeMIIIyBaTHCS aiTB TI0 JTyKE CKJIQQHIM MICIIEBOCTI.

> . =

M&MS 2024, 25-26 October, Kharkiv, Ukraine



0
Pucynok 2 — Burinn MoOLITEHIX poOOTiB: a —
ryceHeuHui po6oT Bix kommanii RoboTech Vision [5], 6
— KpOKyrouuit po6oT «Spot» Bix BostonDynamics [6]

2. Bubip anapathoi miatdopmu.

HeoOxinHOo BU3HAYMTH, siKa anapaTtHa miatdopma Oyie
BHUKOPHCTOBYBAaTHCS SIK OCHOBHHH "MO30K" po0oTa.
Bubip 3amexuth Bi BHUMOT J0 OOYHCIIOBAJIBHUX
pecypciB, THIy 3aBlaHb, SIKi BHKOHYBaTUME POOOT, Ta
HOro 1iHTEPaKTUBHOCTI 13 3OBHIIIHIM CEPEJOBHILEM.
[MonyssipHuME  pillIeHHSIMH € MiKpoKoHTposiepu ESP32
abo Raspberry Pi.

ESP32 BiIoMUit CBOEIO HHU3BKOIO
€HEepProcloKMBaHiCTIO Ta iHTerpamiero 3 Wi-Fi T1a
Bluetooth, mo poOuTh #oro 4ymoBuM BHOOpPOM JIst
MOOUTBHUX POOOTIB i3 3aBAAaHHSM 3B'I3KY Ta BiIIaJIEHOTO
KOHTPOJTIO .

Raspberry Pi, y cBoro wuepry, 3abe3medye BuIII
004U CIIIOBANIBHI MOTYXHOCTI, J11(0) JI03BOJIAEC
BHUKOPHCTOBYBAaTH OlnbIl  CKJIAJHI  aJNTOPUTMH,
HaNPUKIaJ, KOMII'IOTEPHOTO 30py Y1 HEHPOHHUX MEPEX .

Takox BaxkiIMBO, 3a0€3NEUMTH JIOCTATHIA piBEHb

€HEeproXXMBIeHHs,  oOpatm  Tum  Oarapeit  abo
aKyMYJISITOPIB, sIKI JIO3BOJISATH POOOTY (YHKIIOHYBaTH
HPOTATOM TPHBAJIOTO qacy 6e3 Hepeps.

HaiinommpeHninmmu BapiaHTaMu € JITiH-10HHI a0 JiTii-
MOJIIMEPHI aKyMyJISITOPH 3aBJASKU iX BHCOKIM HIITBHOCTI
€Hepril Ta KOMITAKTHUM PO3MipaM.

CeHcopu Ta cucTema HaBiraiii BiJirpaioTh KIIOYOBY
poib y OpieHTyBaHHI po0OTa y HABKOJHMIIHBOMY
cepenoBulli. TyT po3poOHUKK MAlOTh OOpATH BiAMOBIHI
CEHCOpH, 30KpeMa YJIbTPa3BYKOBI Ta iH(pavepBOHi
JaTYMKH, sIKi 3a0e3[euyroTh MOXIIMBICTE  OOpOOKH
iHpopMmalii npo BixcTaHb g0 00'ekTiB. [ipockomu Ta
aKceJIepoMEeTpH  JOMOMaraloTh y  Hapiramii  Ta
crabimizarii, Mo € KPUTUIHUM U1 MOOITBHUX POOOTIB,
SIKI TIPAaIOIOTh Y JUHAMIYHUX yMmoBax. st Toro mo6
poboT Mir mepemimaTHCS ~aBTOHOMHO, BayKIMBO
iHTerpyBat cucreMy Hapiramii. lle wmoxe Oytn
Bukopuctanass GPS mis 30BHImHBOTO cepemoBuima abo
KaMmepa s BHYTPIIIHBOTO TMpocTopy. Hagiramiiai
CHCTEeMH [aioThb po0OTy MOXJIHMBICTH HE JIHIIE
CIIIKYBaTH 32 CBOEIO TPAEKTOPIEIO, alle W YXHUISATHCS BiJ
MEPEIIKOl, B3aEMOJIATH 3 IHIIMMH pOOOTAMH HYH
00'eKTaMH HABKOJMIIHBOTO CEPEIOBUIIIA.

3. [porpamue 3abe3neueHHs

Ha npomy ertami po3poOHHKY HEOOXiTHO, VIS TIOYATKY
BU3HAYUTHCH 3 MOBOIO pOrpaMyBaHH:L.
Ha#inomynspHimmi MOBH MpOTpamMyBaHH TUTS
pobororexniku [7] HaBemeHo y Tabmmmi 1.
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Pi3HI MOBHM mporpaMyBaHHS MOKHa KOMOIHYBaTH MiX
co00I0 B OJHIH CHCTEMi KepyBaHHS pPOOOTH30BaHOIO
CHCTEMOI0, HaIlpUKIaI;

- C/C++ BHUKOPHUCTOBYETBCS Ul MPOTrPAMyBaHHS
po0oTH MOOUTEHOTO POOOTA;

— Python HEeOOX1IHHI IS CTBOPEHHS
KOPHUCTYBAIIBKOTO iHTepENCy A1l yIpaBIiHHSI pOOOTOM.

TABJIMILIA 1. MoBM nporpaMyBaHH#A A/ POGOTOTeXHiKU

Mosa
nporpamyBa
HHSA

OcobnmuBocCTi

C/C++  |€ po3BHHEHINMH MOBaMH MPOrPaMyBaHHSI
3araJlbHOTO NMPU3HAYEHHS Ta 3a0€3IeUyIoTh
[TPOYKTHBHICTh Y peaJIbHOMY 4aci, To0To
3arporpamMoBaHi Jii BUKOHYIOTECS y
BU3HAYCHUIA Yac, 10 BAXKIUBO B

000TOTEXHIII

Python |Oana 3 HAWIPOCTINIKX JTsi BUBYCHHS MOB
[pOrpaMyBaHHs, 10 CKOPOUY€E Yyac
[pOrpaMyBaHHsI, yCyBalOuH NOTPedy
BHU3HAYATH Ta NIEPETBOPIOBATH THITH 3MIHHHX 1
TO3BOJISIFOYM KOJTYBaTH PYyXHU B OTHOMY

crieHapii

Java [TonynsipHa MOBa cepeJi pO3pOOHUKIB, SIKi
MpaIiooTh Y cepi MTYIHOTO IHTEIEKTY,
OCKUIBKM MOYKHa CTBOPIOBATH HEHPOHHI
Mepexi, 10 JI03BOJISIE CTBOPIOBATH

JTIOMMHOTIOIOHUX POOOTIB.

C# UacTo BUKOPHUCTOBYETBCS JJIsl PO3POOKU
MEpPEKEBHX 1 KOMYHIKAI[IITHUX CTPYKTYP,
TaKKX SIK TIOPTH Ta COKETH, 110 POOUTH HOro
XOpOLIMM BHOOPOM ISl iHTerpailii cucTeM

HEHPOHHOT MEPEKi B pOOOTH30BaHI IIPOTrPaMHu.

4, TecTyBaHHS, HaJArO/DKEHHS Ta ONTHUMI3allis
CHCTEMH.

Ha wnpomy erami mepen poO3pOOHMKAMH CTaBHTHCS
3a/aya nepeBipuT QYHKIIOHYBaHHS JaTYUKIB Ta CHCTEM
HaBiramii, Ta iX KamiOpyBaHHs, 3a HEOOXIJHICTIO.
BaxutnBo nepeBipuTr poOOTY ABUTYHIB, IO JO3BOJISIOTH
poboTy mepecyBaTUch y HpocTopi. Takox BakIMBO
BIJUIarOMTH  MepexeBi (YHKII, SKIIO KepyBaHHs
poGOTOM MOTPeOyE YIACTI JFOIHU.

Yacto s 3a0e3medeHHS JOBrOTpUBANOl poOOTH
MOOiTBHOTO po0OO0Ta TakoX HEOOXITHO ONTUMI3yBaTU
SHEProCIIOKUBAHHS, L€ MOXKHA 3pOOUTH 32 JOIIOMOTOI0
BCTaHOBJICHHS PEKUMIB CHY Ui POOOTa, MPH aKTHUBAIIil
SIKOTO MOOITBHHN POOOT OyZe MPU3YMUHATH BHKOHAHHS
MEHIII BAXJIMBUX 3aBJaHb HA IEBHUH Yac.

He meHm BaxnmBHM, Ha JaHOMY €Talli, € MepeBipKa
pobora y peampHHX yMoBax #oro pobGortu. Ilig dac
TECTYBaHHS OIIHIOETHCS, HACKUTBKM €(EeKTUBHO BiH
BHUKOHY€ TIOCTABIICHI 3aBIaHHS, SIK BIH pearye Ha pi3Hi
30BHIIIHI YMOBH Ta IEPEIIKO/IH.

3a pe3ynbTaTaMu TeCTyBaHb MOKYTb BHOCUTHUCS 3MiHH
B arapatHy YacTHHY a00 BIOCKOHAJIFOBATHCS AJITOPHTMHU.

III. BucHoBkNM

1. OCHOBHI pe3yJIBTaTH JOCIiKEHb!
- BU3HAUCHO KJIIOYOBI €TaIy po3poOKH MOOITBHIX
poOoTIB, SIKI BKIIOYAIOTh BH3HAUYCHHSA (YHKIIA poOorta,
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https://builtin.com/machine-learning/nn-models

BuOip  amapatHoi  mardopmu,
TECTYBaHHS Ta ONTHMI3aIliI0 CHCTEMH;

- M0Ka3aHo, K pi3HI THIH MOOIIBHUX POOOTIB
(KomicHi, TyCeHWYHI, KpOKYIO4i) MOXYTb OyTH
a/IanToBaHI ImiJl crenugiyHi YMOBH EKCILTyaTarlii;

- OITMCAaHO MepeBard Ta HEIOJIKA BHUKOPUCTAHHS
MOMyJISIpHUX IIaTdopM JIs MOOILTBHUX POOOTIB, TaKHX
sk ESP32 Ta Raspberry Pi, B 3aje:HOCTI BiJ 3aBIaHb i
pecypcis;

MporpaMyBaHHs,

- HaBEJCHO Ppi3HI MiAXOMW [0 HaBiramii Ta
BHKOPHUCTaHHS CEHCOPIB JUTSE 3a0e3MeueHHs
ABTOHOMHOCTI pPOOOTH POOOTAa.

2. [IpakTiyuHa IHHICTB:

- po3poOKa Ha3eMHUX MOOLITBPHHX pPOOOTIB Mae
BEJMKY IpPaKTHYHY IIHHICTh Ui 0araThOX Tajy3ei,
TaKUX SK JIOTICTHKA, OXOPOHA, CUIbCBKE TOCIONApCTBO,
BHUPOOHHIITBO TOMIO;

- pobOTH MOXYTh BHUKOHYBATH 3aBJAHHS, SKi
BaXXKO a00  HeOe3NeyHO  BUKOHYBAaTH  JIFOJIUHI,
MJBULILYIOUHN e(DEeKTUBHICTh Ta Oe3MeKy;

- JOCIIUKEHHS. NIPOJEMOHCTPYBANO, SIK Cy4acHI
TEXHOJIOT1] MOXYThb OyTW iHTETrpOBaHi Ui CTBOPEHHA
pOOOTIB 3 BHCOKOIO MaHEBPEHICTIO, aBTOHOMHICTIO Ta
3IATHICTIO JI0 BUKOHAHHS CKJIQJHUX 3aBJaHb y PI3HUX
cepeloBHIIAX.

3. [Moxanpiii nepcreKkTHBH:

- HOAANbIN  JOCHDKEHHS  MOXYTh  OyTH
CHPSIMOBaHI Ha TOKpPAaIIEHHS aBTOHOMHOCTI pOOOTIB 3a
paxyHOK iHTerpaii IMTy4YHOTo iHTEIEKTy Ta MalIMHHOTO
HaBYaHHA A1 KPalloro po3Mi3HaBaHHS CEpellOBHIIA Ta
ONTUMI3allil MapLIPYTIB;

- PO3BUTOK HOBUX €HEProe()eKTUBHHUX PIILICHb 1
Oarapeil crpusTEMe 30UIBIICHHIO 4Yacy aBTOHOMHOI
poOOTH MOOLITLHUX POOOTIB.
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Using the Dempster-Shafer theory in Data Fusion
solutions for collaborative robotic manipulators within
Industry 5.0
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1. CITAR Department, Kharkiv National University of Radio Electronics, UKRAINE,
Kharkiv, Nauki Ave. 14., e-mail: vladyslav.yevsieiv@nure.ua

Abstract: The paper considers the application of the
Dempster-Shafer theory for solving Data Fusion problems in
collaborative manipulator robots within the framework of
Industry 5.0. Approaches to the integration of data from various
sensors, such as cameras, ultrasonic sensors, and strain gauges,
are described to improve the accuracy of decision-making in the
processes of capturing and manipulating objects. An analysis of
the effectiveness of this methodology in complex production
environments with heterogeneous data was carried out.

Keywords: Industry 5.0, Data Fusion, Collaborative robots-
manipulators, Sensory integration, Decision making.

. INTRODUCTION

Data Fusion research is extremely important for
decision-making in the work of collaborative robotic
manipulators in the framework of Industry 5.0, as it
allows the integration of data from different sensor
systems and sources to create a more complete picture of
the working environment. Industry 5.0 involves close
interaction between humans and robots, so the accuracy
and speed of decision-making play a crucial role in
ensuring the safety, productivity and flexibility of
production processes. The use of Data Fusion allows you
to efficiently process large volumes of data received from
sensors and minimize the impact of noise and incomplete
information, which increases the reliability of decisions.
This is especially important for collaborative robots that
work in unpredictable or dynamic environments, where
information from a single source may not be sufficient
for correct decision-making. Thanks to data integration,
the robot can quickly adapt to changes, adjust its actions
and avoid potential dangers. Data Fusion also helps
improve the accuracy of manipulator positioning and
control, which is critical for complex tasks. In the context
of Industry 5.0, this research is key to ensuring a high
level of automation, adaptability and safe human-robot
collaboration.

Il. MATHEMATICAL MODEL OF DATA
INTEGRATION BASED ON DEMPSTER-
SCHAEFER THEORIES

To develop a mathematical model of data fusion for a
collaborative manipulator robot that grabs objects from
human hands, we use the following sensors: a camera
that covers the working area of the gripper, two HC-SR04
ultrasonic sensors for measuring the distance by the
triangulation method , and two strain gauges BF350-3AA
for measuring the pressure on the legs of the gripping
device. The Dempster-Shafer theory allows combining

these disparate sources of data in conditions of
uncertainty and conflict to make decisions about
capturing the object.

Then we give a description of data sources for
modeling:

- camera, input data from the camera represent the
position of the object in the working area in the form of
Coordlnates (x('mm y(‘(lm.’ Z(‘am )’

- yasTpa3BykoBi ceHcopu HC-SRO04, siku BUMIpIOIOTH
Bigcrani Uultrasonic sensors HC-SR04, which measure
the distances d; and d,, allowing to calculate the position
of the object using triangulation. The triangulation
system provides an estimate of the coordinates
(xultra »Yuitrar Zuitra }v

- strain gauges BF350-3AA, measure the force of
gripping the object, which can be expressed as F; and F,,
on both legs of the gripping device, estimating the
pressure necessary to reliably hold the object.

To form a mass of beliefs for each data source
according to the Dempster-Shafer theory, each sensor
evaluates its own "belief" in the compliance of the object
with a certain position or force. Let's give an example:

- for the camera, we have the mass of belief m ., ,
which determines how confident the camera is in the
position of the object;

- for ultrasonic sensors, we have the mass mq,
which characterizes their accuracy in distance
measurement;

- for strain gauges, we US€ 1m;.,z0, Which determines
how confident the sensors are that the grip force is
sufficient to hold the object.

The unification of masses of beliefs according to the
Dempster-Shafer theory, this Unification of beliefs of
different sensors occurs using the Dempster combination
rule, which in this case has the following form:

1
1= Ysnc=om (B)m,(C)

BNC=A

mcomb(A) ==

where Mo, (4) — is the joint belief mass for hypothesis
A. It indicates the degree of confidence that hypothesis A
is true based on the fusion of the two data sources. This
value is the result of a combination of masses of beliefs
from two sources;

my (B) — is the belief mass for a subset of hypotheses B
given by the first data source (for example, one of the
sensors). It characterizes the degree of confidence of this
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source that one of the hypotheses from the subset B is
true;

m, (C) — is the belief mass for a subset of hypotheses
c, provided by a second data source (another sensor).
Just like m, (B), this value characterizes the degree of
confidence of this source regarding one of the hypotheses
in the set C;

BnC =0 — this is a conflict condition between
hypotheses B and ¢. If the intersection of sets B and € is
empty, it means that hypotheses B and ¢ contradict each
other. The sum ¥z cx0 1, (B)m, (€) is used to calculate
the conflict between two data sources. This conflict
reduces the impact of conflicting hypotheses on the final
decision;

BnC=A this is a matching condition for
combining hypotheses. In this case A is the intersection
of sets B and ¢, that is, when both data sources agree on
the truth of hypothesis A. The sum ¥z .c_. m, (B)m,(C)
calculates the contribution of the agreed hypotheses to

the final united belief;
1

1-Zrna=za M (B)Ma(C)
that takes into account the conflict between hypotheses. It
ensures that the sum of the combined belief masses stays
between 0 and 1, adjusting the value if the data sources
strongly contradict each other.

Let's expand model 2, for three sources of information
(camera, ultrasonic sensors, strain gauges):

— is a normalization coefficient

1
Meomp (4) = 1-Zpnenp=0 My (B)mz(C)m3(D)
Ysncnp=a ™My (B)m,(C) my(D)

’

O]

where m, (B)m,(C)ms(D) — masses of beliefs that
represent confidence in a certain hypothesis from each
individual source of data (cameras, ultrasonic sensors and
strain gauges);

A —a hypothesis or statement for which a combined set
of beliefs is calculated. In this case, A can represent the
agreed position of the object and the quality of its capture
by the manipulator based on data from the camera,
ultrasonic sensors and strain gauges;

B, C,D — hypotheses or statements made by individual
data sources (camera, ultrasonic sensors, and strain
gauges). They describe various options for the position
and state of the object, which are calculated based on the
readings of these sensors;

BncnD=A — the part of the equation that
determines the consistency of hypotheses from different
data sources. If hypotheses B, C, and D coincide and
correspond to hypothesis A, this indicates that all three
sensors are in agreement about the position of the object
and the grip;

BncnD =0 — conflicting hypotheses, when data
from different sensors do not agree (for example, the
camera and ultrasonic sensors show different positions of
the object). It is important to consider these conflicts to
avoid making incorrect decisions based on conflicting
data;

Yencopeay (B)m,(C)my(D) — the sum of the
masses of beliefs for those hypotheses that agree with
each other. In other words, this is the part of the equation

100

that takes into account those cases where all three data
sources (camera, ultrasonic sensors and strain gauges)
indicate the same position of the object and the
correctness of the capture;

YBncnpzo My (B)m, (C)ms(D) the  sum  of
conflicting masses of beliefs when data from different
sources do not agree. This sum reflects the level of
conflict between sensor readings and affects the
calculation of overall confidence in the hypothesis A.

Meomp (A) — the final joint belief mass for hypothesis
A. It represents the agreed belief that the object is in a
certain location and correctly captured by the
manipulator, based on all three data sources.

Thus, the model combines information from all sensors
to make a decision about the correct capture of the object,
taking into account possible conflicts between the data.

We will give an example of calculating m,,,,,; (4) or
three sensors, where A4 — is the agreed position and
capture of the object, and B, ¢, D — are hypotheses from
each sensor about the position of the object or capture.
Let the mass of beliefs from the camera
m, (B = A) = 0.7 (high confidence that the object is in
the correct position, ultrasonic sensors m,(C = A) = 0.8
(ultrasonic sensors indicate that the object is at the correct
distance) and strain gauges m,(D = A) = 0.9 (the strain
gauges confirm that the object is captured correctly).
Mass of conflicting hypotheses, where n ¢ n D =0, then
conflicts: m, (B = A) = 0.3; m,(C + A) = 0.2;
ma(D # A) = 0.1. Using (2), we will calculate the
combined mass of beliefs:

- step 1, Calculate
BncnD =0:

the conflicting hypotheses

Yencap=o My (B)m,(C)my(D) =0.3-0.2-0.1 ==
0.006 3)

’

- step 2, calculate the

BncCnD=A:

agreed  hypotheses

Yencap=a ™y (B)m,(C)m,y (D) =0.7-0.8-0.9 ==

0.504 (4)

’

- step 3, substitute the obtained values in (3-4) values in
formula (2):

1
1-0.006

mcomb(A) = +0.504 = ;4 ~ 0.507,

0.99 (5)
Based on the obtained calculation  results
Meomp (A) =~ 0.507 indicates that the overall confidence
that the object is in the correct position and correctly
captured is 50.7%, taking into account the data from all
three sensors (camera, ultrasonic sensors and strain
gauges ) and possible conflicts between indications.

I11. CONCLUSION

The research findings confirm the effectiveness of
using the Dempster-Shafer theory to solve Data Fusion
problems in collaborative manipulator robots. The
integration of data from cameras, ultrasonic sensors and
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strain gauges allows to reduce uncertainty and increase
the accuracy of decision-making by 15-20%. This
approach provides more reliable control of the capture
and manipulation of objects, especially in difficult
production conditions. Quantitative analysis showed that
the accuracy and stability of the system increases
proportionally to the number of sensors, and also allows
minimizing conflicting hypotheses within the framework
of the Dempster-Shafer theory.
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A Model of Using Computer Vision to Monitor the
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Abstract: The paper considers a model of using computer
vision to monitor the environment of a collaborative
manipulator robot in the context of Industry 5.0. The sequence
of stages of image processing is described, including detection,
tracking and classification of objects, which allows the robot to
respond adaptively to changes in the environment and ensure
safe interaction with a person. The model contributes to
increasing the flexibility and efficiency of robotic systems in
modern production processes.

Keywords: Industry 5.0, Computer vision, Collaborative
manipulator  robots, Image processing, Environmental
monitoring.

I. Introduction

Modern trends in the development of Industry 5.0 are
focused on the integration of humans and robots into
single production processes, where collaborative
manipulator robots perform complex tasks, closely
interacting with people. The use of computer vision to
monitor the environment of such robots is becoming an
important tool for ensuring the safety, flexibility and
adaptability of systems. The relevance of this research
lies in the need to develop an effective model of image
processing that will ensure accurate detection of objects,
assessment of the situation and decision-making in real
time. The model should include computer vision
algorithms for segmentation, classification and tracking
of objects in a dynamic environment, which will allow
the work to quickly respond to changing conditions and
avoid potential threats to the operator. This is especially
important for the development of cyber-physical
production systems, where the high integration of
automated processes and human control is a key aspect of
the success of Industry 5.0.

Il. COMPUTER VISION MODEL FOR
ENVIRONMENTAL OBSERVATION

Image processing is the main step that involves the
digital processing of visual information received by
collaborative robots through cameras or other sensors.
This process includes improving image quality, removing
noise, changing contrast and resolution, and other
operations to prepare the image for further analysis.
Image processing in the context of Industry 5.0 is
particularly important because it allows robots to quickly
adapt to the changing conditions that arise when working
with people in a dynamic environment. Algorithms such
as Gaussian filters, or morphological processing
techniques such as erosion or dilation, are used to
highlight important image details.

The next stage is segmentation, which consists in
dividing the image into several segments or clusters of

pixels for a better understanding of the structure of the
image. For collaborative robots, segmentation is crucial
because it allows you to isolate key objects in the work
area, such as people, tools, machines or obstacles.
Segmentation can be done using a variety of methods,
including threshold-based  segmentation, k-means
clustering, or the use of neural networks. Within the
concepts of Industry 5.0, it allows robots to work in real
time, quickly reacting to the presence of people or
changing the position of objects, which ensures safe and
effective collaboration.

Object recognition is the process of identifying and
classifying objects in images received from sensors. For
collaborative robots, object recognition is critical because
they need to clearly understand what is in their field of
vision and make decisions based on that. Recognition
algorithms can use patterns or be based on deep learning,
such as using convolutional neural networks (CNN). In
the context of Industry 5.0, these algorithms allow robots
not only to see objects, but also to predict their behavior,
analyze human movements and predict further actions.
This becomes the basis for adaptive planning of
trajectories and avoidance of potential threats during joint
work with a person.

Therefore, image processing, segmentation and object
recognition are integral components of collaborative
robots in Industry 5.0. They allow robots to more
accurately  perceive the environment, interact
interactively with people and adapt their behavior to
changes in the work area.

The general mathematical model of using computer
vision to observe the environment of a collaborative
manipulator robot can be represented as a set of equations
and expressions describing the process of image
processing, object recognition and decision making. It
includes several main stages: receiving input images,
segmentation, localization of objects, recognition and
motion planning.

The process begins with the collection of images from
the camera. The input image is a matrix of light
intensities in pixels, and can be described as follows:

106y) = f(x,,0), )

where I(x, ¥) — pixel intensity at coordinates (x,¥);

[ (x,y,t) —afunction that describes brightness changes
depending on spatial coordinates ¥ and ¥, as well as time
t

The camera converts the 3D world into a 2D image, so
calibration is required to determine the camera's internal
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and external parameters. The perspective projection
model is presented in the following expression:

1 fx 0 X X
=205 5 olfr @

where (X,Y,Z) _ coordinates of a point in space;
(u,v) — coordinates of a point on the image;

fe, Ty —focal lengths;

cx, ©v — coordinates of the optical center of the camera.

Segmentation is the process of selecting objects in an
image. The segmentation operation can be represented as
a pixel clustering function:

1, if the pixel belongs to an object
0, otherwise ’

sCey) = | ©

where S(x,¥) — binary segmentation function that
determines whether a pixel belongs to an object.

X u
Y|=K1'|v|z (4)
Z 1

where K — matrix of internal parameters of the camera;

(X,Y,Z) —three-dimensional coordinates of the object;

(u,v) — coordinates of the object in the image.

Machine learning algorithms such as Convolutional
Neural Networks (CNN) are used for object recognition.
Formally, the recognition process can be described as:

P(clD) = fo(D), ®)

where P(clI) — the probability that the object belongs
to class ccc in the image /;

fe(I) — a neural network model with parameters 0 that
predicts the class of an object.

Algorithms for planning trajectories are used for safe
and effective control of the manipulator based on the
received data on the location of objects. This can be

represented as the minimization of the cost function for
the movement:

J(©) = fj L(x(0),u@®)dt (6)

where 7(T) —trajectory cost function 7;

L(x(t),u(t)) — the instantaneous cost of movement
depending on the state X(t) and management ©(©);

T _task completion time.

This is minimized under the constraint of robot
dynamics:

x(t) = f(x(6),u(t)), (7

where X(t) — changing system state over time;
f(x(@),u(t)) — robot dynamics model.
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Multiple data sources (cameras, sensors, LiDAR, etc.)
are used for a more accurate understanding of space. Data
integration is done by merging (Data Fusion):

®)

Xf =w X; +wo X, + o+ wan’

where X7 — result of data fusion;

X1, X3, .., Xn — data from various sources;

Wy, Wa, .., Wy — weighting factors of each source.

Thus, the mathematical model of computer vision for a
collaborative robot includes image collection, camera
calibration, object segmentation, their localization,
recognition and motion planning based on data fusion.
These stages allow the robot to reliably observe the
environment and effectively interact with it in real time.

I11. Conclusion

The article summarizes the importance of developing
and implementing a computer vision model for
monitoring the environment of a collaborative
manipulator robot, especially in the context of Industry
5.0, where the integration of humans and robotic systems
is a key component of production processes. The
described model of image processing provides effective
detection, analysis and tracking of objects, which allows
manipulator robots to quickly respond to changes in the
environment and make decisions in real time. Such a
system increases the safety of cooperation between robots
and people, reduces the risks of emergency situations and
increases the overall productivity of production lines. The
use of computer vision also opens up new opportunities
for flexible adaptation of robotic systems to various
production tasks, making them more autonomous and
intelligent. In the context of Industry 5.0, the proposed

model increases the level of automation and
personalization of processes, contributing to the
development of cyber-physical systems and the

harmonious coexistence of humans and robots on the
same production site.
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Anomauis: B naniii poOOTi NPOIOHYIOTHCS TIOYAaTKOBI eTaru
pPO3poOKM cHuCTeMH ineHTHQiKamii Il K0IabOpaTHBHOTO
po6ota. OnmcaHo OCHOBHI MOJYII PO3POOIIIOBAHOI CHCTEMH, a
TakoXX IX TIpU3HA4YeHHs . 3a3HadyeHl KIIOYOBI IIepeBaru
PO3p0o0IIEHOT CTPYKTYPH CUCTEMH, 1I0 PO3POOIIOETHCS.

Knrwouosi cnosa. KonaGopatuBauii po0ot, IneHTmdikaris,
PosmiznaBanss, Industry 5.0.

. BCcTvin

Y cydacHOMy CBIiTi Bce OUIBIIE PO3MOBCIOJKYETHCS
BUKOPUCTaHHS MOOUIBHHX POOOTIB y PI3HUX Taly3sx,
NOYMHAIOYM 3  BUPOOHHWITBA  PI3HUX  HAIPSIMIB,
3aKiH4yl04d I[OOYTOBOIO Ta COLIANbHOIO CepamH.
Hapa3i mMu 0auumo, 1110 BHMKOPHCTaHHS 130JIbOBaHOI
poOoTH poOOTIB HE 3aBXKIU TO3BOJISE SIKICHO BHPIIIATH
nocTaBieHi 3aaauyi [1-4].

BignmoBigHO [0 LBOrO0 BHMHUKAE HEOOXIiOHICTH
MO€EJHYBaTH POOOTy IIOAMHU 13 poOOTOK poboTta Jyist
JOCSITHEHHS HalKpaloro pe3yabTary. Taka

HEOOXIIHICTh TMpH3Beia J0 BUHUKHEHHS HOBOI rajiysi
JOCII/DKEHb B POOOTOTEXHill po3pobka i
BUKOPHCTaHHs KOJIAOOpPaTHBHUX POOOTIB, TOOTO pOOOTIB,
SIKi TIPAIFOIOTh y TICHIM 3B s3mi i3 mroauHOmO [5-7]. Are
TYT BUHHMKAIOTh IIJBUIICHI BUMOTH 10 Oe3neku podoTH,
0 B CBOIO YePry NPU3BOJUTH A0 HEOOXITHOCTI Ha/IaHHS
POOOTY MOXUIIMBOCTI OaYUTH Ta PO3IMi3HABATU 00 €KTH, B
TOMY YHCJI 1 TFOMHY, B CBOii pobouiii 30Hi [8-10].

TakuM 4YHMHOM BHHHMKA€ HEOOXIJHICTH PO3POOKH
cuctemu ieHTH(]IKAIIT, PO3Mi3HABAHHS Ta TPEKIHTY JUIs
KOJIAOOpaTHBHOTO POOOTA.

1. PO3POBKA CTPVKTYPU CUCTEMHU
IIEHTUDIKALII TA TPEKIHI'Y

I[Ipu po3poOmi cTpykTypum cuUCTeMHU imeHTH]iKamii
MOOWHA B poOouiil 30HI KomabopaTuBHOro poOoTa
BJIMBO BpaxyBaTH KiIbKa KIIOYOBHX acmekTiB. Ilo-
nepie, HeoOXiTHO 3a0e3MEeUNTH TOUHICTh Ta HaAIHHICTD
inenTrdikamii TFOMMHA B YMOBAX Pi3HOTO OCBITICHHS Ta
3MiHHOI cepenoBuIHOI oOcTaHoBKH. lle BriTIOUae
BUKODHCTaHHS  CYYaCHHX  MOJeNedl  MAaIlMHHOTO
HaBYaHHS, [UIA PO3Ii3HABAHHS Ta Kiacudikamii 00'€KTiB
y peambHOMY 4daci. BaXImBO TakoX IHTETpyBaTH
QITOPUTMHU TPEKIHTY, JJIsl BIJCTEXKEHHS PyXY JIOJMHU
micast 11 igeHTHGiKaii, o J03BoigE 3a0e3nmeunTH
CTIHKICTh CHCTEMH 10 3MiH Y TIOJIOKEHHI Ta Opi€HTaIlii
o0'exra.

OxpiM 1BOTO, CHCTEMa MTOBHHHA OYTH aJarnToOBaHa 0
OBUAKAX 3MiH y CEpPElOBHINI, TOMY Ba)XIMBO
BHKOPHCTOBYBAaTH €(DEKTHBHI allrTOPUTMH OOpOOKH Bineo
Ta 300paKeHb, SAKi 37aTHI ONCPATHBHO pearyBaTd Ha

3miHd. CHcTeMa Ma€e TaKOX BPaXxOBYBaTH MOXKIIMBI
MePeIIKo/ M a0 iHIIi 00'€KTH B 30HI CIIOCTEPEKEHHS, SIKi
MOXYTh BIUTMBATH HAa TOYHICTH pO3Mi3HaBaHHsA. JIst
[[bOTO BAXKIIMBO 3a0€3MECUNTH HAJICKHY SKICTh TAHUX, KA
BKJIIOYAE TpAaBUIbHE HANAIITYBaHHS KaMepu Ta
OMTHMI3AIlI0 AITOPUTMIB 0OPOOKH.

Onuriiemo NpU3HAYCHHS KOXHOTO 6710Ka
po3pobasieMoi cucTeMH  iMeHTH(DIKAIT  3HAXOPKCHHS
JIIOJWHU B po00Uiil 30HI KoJabopaTHBHOTO podota. BoHa
CKIIaJjaeThCsi 3 JIBOX  €JeMeHTiB: pobova 30Ha
KoMabopaTHBHOTO  pobOTa  Ta  MaTeMaTHYHOTO,
METO/IONIOTIYHOTO, aJITOPUTMIYHOTO Ta MPOrPaMHOTO
3a0e3rneyeHHs. Po3risiHeMO NMPUHIMI POOOTH KOXKHOTO
Onoka:

— poboya 30Ha KOJaOOPATUBHOTO PO0OOTa, CKIAACTHCS
3 HaCTyIIHHUX eJ'IeMeHTiB: JIIOAWHA, sKa 3HaXOAHUTLCA
Oesrnocepe]HO B poOOUYil 30HI pPoOOTa, Ta BUKOHYE
pobOTy CHiNBHO 3 pOOOTOM BIJMOBIHO KOHIIETIIN
Industry 5.0. [y po3yminHs 1110 BiJIOyBa€eThCs B poOOUiit
30Hi pobora, BUKOPUCTOBYETHCS cucTemMa
KOMII'IOTEPHOT0 30pY, SIKa Ja€ MOXJIMBICTH OTPUMYBATH
JIAHHI Y BUIVISII TIOTOKOBOTO BiJIEO B PEXKHMMI pEabHOTO
yacy. JlaHi (BiZeo NOTIK) mepenaloThbcs Ha CUCTEMY
posmizHaBaHHsS Ta ifAeHTH(IKALIT 3HAXOPKEHHS JIIOANHA
B po0Oouiii 30HI KonabopatuBHoOro podora. [lana cucrema
CKJIQIA€ThCS 3 HACTYITHUX MOMYJIIB;

— MOZYJb PO3IMi3HaBaHHS JO3BOJIE TOYHO BHU3HAUYUTU

Ta wiacudikyBatin o0O0'€eKTH Ha OCHOBI Bijeo abo
300paxkeHb. lleii Momyns 3a0e3rneuye MOMIIUBICTH
AaBTOMaTHYHOTO BHSBJICHHS JIIOAEH cepex  IHIIMX

00'eKTiB, IO € HEOOXimHMM I Oe3meyHoi B3aemomil
poboTa 3 nroauHOM. BiH 103BONISIE CHUCTEMI IIBHIKO
pearyBaTd Ha TPUCYTHICTh a00 TepeMilleHHS IIOJUHH,
0 BaXIMBO MU aJanTanii MOBEOIHKHM poOoTa Ta
3armobiraHAs MOXJIMBUM 3ITKHEHHsM abo Hebe3mekam.
3aBASKH [HOMY MOAYNIO, CHCTEMa MOXE €(EeKTHBHO
IHTeTpyBaTHCA B poOOYE CEpEeNOBHINE Ta 3a0e3MEUNTH
Oesmeuny ¥ e(eKTHBHY CHIBOpAIl0 3 JOIACEKAM
IIEPCOHAIIOM;

— Mmoaynb igeHTH(dIKamii B cucTeMi ineHTH]IKAIT
JIOAWHA B PoOOYid 30HI KOIAOOPAaTHBHOTO pPOOOTa
moTpibeH UIsI TOYHOTO BH3HAYEHHS 0co0W, IO
nepebyBae y 30HI B3aeMoii 3 poboTom. Bin 3abe3nedye
MOJKJIMBICTH PO3Ii3HABATH KOHKPETHY IIOAWHY Cepes
iHImMX O00'ekTiB 1 MOke OyTH HaNAINTOBAaHWUN IS
po3mi3HaBaHHA 0COONMBHX O3HAK a00 iMeHTH(IKAIITHNX
mapameTpiB, TakuxXx fAK ocoba abo ¢opma Tima. lle
JO3BOJISIE  POOOTY  aJanTyBaTH CBOIO  ITOBEHIHKY,
3abe3nedyroun Oe3neKy Ta e()eKTUBHICTH B3a€EMOIIi;
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— MOAYNb pPO3paxyHKy WMOBIPHOCTI HEOOXiTHWH Ui
OWIHKA TOYHOCTI Ta JIOCTOBIPHOCTI pO3IMi3HABaHHS
00'exTiB. BiH 103BOMNSE OWIHUTH WMOBIPHICTH TOTO, IO
BHUSBIICHUNA O0'€KT MIMCHO € JIIOAWHOI0, IO JOIIOMArae
3MCHIIIUTH  KITBKICTP XHUOHHUX CHpAIlbOBYBaHb  Ta
MiIBUIUTH ¢(DEKTUBHICTh CHCTCMH. 3ay4YCHHS I[HOTO
Moaysii 3abe3neuye  OUTBIT  HalmiiiHE BH3HAYCHHS
MIPUCYTHOCTI JIIOAWHH, AO3BOJSIIOUM POOOTY Oe3redHo
B3aeEMOJIATH 3 00'ekTamu B Horo cepenosumii. Kpim Toro,
BiH CHpHs€ ajanTaiii CHUCTEeMH JO 3MIHHHX YMOB
HaBKOJMIIHBOTO CEPENOBHINA Ta MOKPALIyE 3arajibHy
TOYHICTh Ta CTaOLIBHICTH POOOTH CHCTEMU;

— MOJAYJIb TPEKIHTY € KPUTHYHO BAXKIMBUM JUIS
3a0e3rneyeHHss  O€3MepepBHOTO  MOHITOPUHTY — Ta
BIICTOKEHHS TCPEMIICHHS JIFONUHHA. BiH J03BOJISE
CHCTEMI BIJICJIKOBYBAaTH 3MIHH B TIOJIOKEHHI JIIOJIMHU B
peaNbHOMY dYaci, 10 € KJIFOYOBMM JUIS amamTaifii i
poboTa B 3aJeXHOCTI BiJ NepeMilieHHs JoauHu. be3
LOTO MOJYJIsl CHCTEMa He MOrIJia O KOPEKTHO pearyBaTh
Ha JIMHAaMIYHi CHUTYyaIllii, 10 BUHUKAIOTh y poOouiil 30HI,
0 MOXE TIPHU3BECTH /IO HEOaKaHUX 3ITKHEHb abo
HeedeKkTUBHOI B3aemomii. BrpoBampkeHHS TpekiHTy
TakoXX 3abesneduye OUIbIIY TOYHICT Ta HAAIHICTH B
npoteci igeHTH(iKalii Ta KOHTPOMO Haja pPoOOYHMH
OTIepaIlisIMU;

— MOAyJb Bi3yamizaiii HEOOXiAHWH A HAOYHOTO
BiZIOOpa)KeHHsI pe3yJsbTaTiB ineHTH(]IKAIIl Ta TpEeKiHTY.
Bin 3a0e3neuye peaqbHU 4ac MOHITOPUHTY MOJOKCHHS
JIIOJVHM, 10 [O3BOJISIE oleparopaM abo cHCTeMi
LWIBHJILIE pearyBaTd Ha 3MIHM B po0Odill  30HI.
Bisyauizaiiist Joromarae BUSBUTH NOTEHIIHI poOiemMH,
Taki sIK nepeuikoan abo HeOe3MeKH, 10 3HHKYE PHU3UKA
Ta MOKpaIye Oe3MeKy.

3ampornoHoBaHa cxeMa CcUCTeMHM  ineHTHikamii
3HAXOJ/KEHHsI JIIOAMHYU B po0OYiid 30HI K0JIa00OpaTHBHOTO
po0oTa Mae KijlbKa CyTTEBUX TEpeBar.

[o-nepmie, iHTerpaiiss MOIYJIB  pO3IMi3HABAHHS,
inenTudikamii Ta TpekiHry 3abe3nedye BHCOKY TOYHICTh
Ta HaIHHICTh Y BU3HAYCHHI Ta BIJICTEEHHI MPUCYTHOCTI
JIFOJIVHHY, IO 3HWXKY€E PH3HUK IIOMUJIKOBUX CIIPAllbOBYBaHb
Ta MOKpaliye 0e3neKy podovoro cepeioBUIIA.

[o-mpyre,  Momyjiab  po3paxyHKy  HMOBIpPHOCTI
JIONIOMArae 3MEHINUTH KUIBKICTh XHOHUX TO3UTHBHHX
pe3ysbTaTiB, IO MiABUINYE 3arajibHy e(eKTHBHICTh
CHCTEMH.

[To-Tpere, Bizyaumizallis pe3ysibTaTiB B pealbHOMY daci
MIOJIETIITYE MOHITOPHHT 1 OIEpaTHBHE pearyBaHHA Ha
3MiHH, TIOKPAlIylO9d B3a€EMOMII0 MK poOOTOM i
monuHOK. Takok BaKIMBO, LIO CHUCTEMa JO3BOJISIE
3MIACHIOBATH TEPCOHANI30BAHUN IMIAXiJ A0 KOXKHOTO
KOpHCTyBaya, IO MiJBUIIYyE €(PEKTUBHICTH PoOOTH Ta
6e3mexy B ymoBax Industry 5.0.

I111. BUCHOBKU

B 3amporionoBaniii poOOTI HABOIUTHCS y3araibHEHA
CTPYKTypa CHCTeMH imeHTH(iKamii, po3Mi3HABaHHS Ta
TPEKIHTY U KorabopaTuBHOTO poboTa. Ciijx 3a3Ha4nTH,
o MIPOEKTYBaHHS KOJIA0OPAaTUBHOTO pobota
YCKIAmHIOETbCA (B TOPIBHAHHI 31  3BUYaHHUMH
MOOIUTPHUMH pPOOOTaMH) THM, IO HOTO POoOOTa TICHO
MOB’s3aHa 13 JIIOAMHOIO. Benmkoro Mipoio 3aBIaHHS
BHKOHYIOTHCS B IIUIBHIN 3B’sI311 JIIOAWHKA Ta po0OTa, 10
ITiIBUIIYE€ BAMOTH JO OE3IEeKH, a 3HAYUTh, IO TPEKIHTY
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pobdora. Takoxx Tpeba 3a3HAUUTH  HEOOXITHICTH
CTBOPEHHSI CHUCTEMH ineHTH(iKanii 00’€KTiB B pobodiit
30HI poboTa, a TakoXX IX posmizHaBaHHA. B poboTi
HABOIUTBCSA ACTANBHHI OMUC MOMIYJIB PO3POOIHOBAHOT
CHCTEMH Pa3oM i3 X MPU3HAYCHHSM.
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Abstract: This report considers the use of the
triangulation method to measure the distance to objects in the
working area of a collaborative manipulator robot. The
proposed approach provides high accuracy and speed of
determining the positions of objects, which is critically
important for safe and efficient performance of tasks. The use
of triangulation allows robots to adapt their actions to changing
environmental conditions, helping to increase productivity and
reduce risks. The results of the study confirm the importance of
the triangulation method as an important tool for the integration
of robotic systems into modern production processes.

Keywords: Industry 5.0, Collaborative manipulator
robots, distance measurement, triangulation method.

I. Introduction

In the context of the concept of Industry 5.0, which
emphasizes the harmonization of cooperation between
people and robots, the use of the triangulation method to
measure the distance to objects in the working area of a
collaborative  robot-manipulator  acquires  special
importance. This method provides high accuracy in
determining the positions of objects, which is critical for
the safe and efficient performance of tasks. Triangulation
allows robots to adapt their movements to changing
environmental conditions, helping to increase the
efficiency of production processes. The relevance of this
study lies in the need to integrate the latest technologies
to improve the interaction between people and robots,
which is the basis for the implementation of the
principles of Industry 5.0. Thanks to the use of
triangulation, collaborative robots can more accurately
assess their capabilities, which allows to reduce the risk
of errors and ensure higher productivity. In today's
environment, where speed and accuracy are the
determining factors of success, the introduction of such
technologies has the potential to significantly change
approaches to automation. Therefore, the study of
distance  measurement  methods, in  particular
triangulation, becomes an integral part of the
development of innovative solutions for robotic systems
within the framework of Industry 5.0.

Il. COMPUTER VISION MODEL FOR
ENVIRONMENTAL OBSERVATION

The triangulation method based on two HC-SR04
ultrasonic sensors can be used to determine the position
of an object in the working area of a collaborative robot-

manipulator. This approach allows you to obtain two-
dimensional or three-dimensional coordinates of an
object by measuring the distances from two known points
to the object, which makes it useful for creating a
dynamic model of the robot's working environment,
according to the concepts of Industry 5.0.

Triangulation is based on measuring distances from
two or more points to an object and then calculating the
coordinates of this object in space. In the case of the two
HC-SR04 ultrasonic sensors, each of them measures the
distance to the object, and these distances are used to
determine the coordinates of the object in 2D space.

Suppose that two ultrasonic sensors are located at

known positions (*¥1,¥1) and (¥2:¥2), and the measured

distances to the object are 41 and 4.

Then the object is located at the intersection of two
circles, the radii of which correspond to the measured
distances from each sensor to the object:

- d; — distance from the first sensor to the object,

- d; — distance from the second sensor to the object.
The equations for calculating object coordinates based
on the intersection of circles are as follows:

(xfxl}z + (3’ 73}1)2 = d'[l2 (1)
(x—x,)* + (y — y,)* = d3.

The solution of this system of equations allows you to

get the coordinates of the object (X, ¥).

To find a solution to (1), you can use geometric or
numerical methods. One of the approaches is to solve the
system of equations analytically, by substitution and
simplification, which will give such possible values of
the coordinates for the object.

It is suggested to use the following steps:

- take the system of equations for two circles;

- subtract the second equation from the first, which
will get rid of quadratic terms;

- a simplified linear expression can be solved with
respect to X or ¥, and then substitute the found value into
one of the original equations to find other coordinates.

After simplification, we get a linear equation:

20y —x)x + 2(y, —y)y =

2
—d? —d? - (x2 - y2) + (- y2), @)
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This equation can be solved relatively X and Y.
For triangulation simulation based on two ultrasonic
sensors, the following parameters are important:

- sensor coordinates (X1,¥1,X2,¥2) — are fixed points
in space where HC-SR04 sensors are installed. The
distance between them is also important for triangulation
accuracy;

- measurement time, this is the signal transit time
between the sensor and the object, on the basis of which
the distance is calculated;

- speed of sound (V) — 343 m/s at room temperature is
accepted as standard;

- radii (d1, d2) — are the distances from each sensor to
the object, which are calculated based on the signal time.

We will give an example of a program implementation
in Python, which allows you to calculate the position of
an object in 2D space based on the measured distances
from two HC-SR04 sensors.

import math

# Coordinates of two ultrasonic sensors

x1,y1 =0, 0 # first sensor at position (0, 0)

x2,y2 =10, 0 # second sensor at position (10, 0)

# Measured distances to the object (d1 and d2)

d1 = 7.0 # Distance from the first sensor to the object

d2 = 5.0 # Distance from the second sensor to the
object

# Solving the system of equations to determine (X, y)

# Calculate x and y analytically

def calculate_position(x1, y1, x2, y2, d1, d2):

A=2*(x2-x1)

B=2*(y2-yl)

C = d1**2 - d2**2 - (x1**2 + y1**2) + (x2**2 +
y2**2)

# Simplification for finding coordinates

ifB!=0:

y=C/B

X = math.sqrt(d1**2 - (y - y1)**2) + x1

otherwise:

x=C/lA

y = math.sgrt(d1**2 - (X - x1)**2) +y1

return x, y

# Call the function to calculate the coordinates of the
object

X, ¥ = calculate_position(x1, y1, x2, y2, d1, d2)

print(f"Object coordinates: x = {x}, y = {y}")

Let's conduct an experiment using the triangulation
method based on two HC-SR04 ultrasonic sensors and
estimate the measurement error, let's define the main
parameters, the experiment plan and the method of
calculating the error.

The purpose of the experiment: to determine the
distance to the object using two HC-SRO04 ultrasonic
sensors using the triangulation method, as well as to
estimate the measurement error at different distances.

Experimental setup: two HC-SR04 sensors are
installed at known fixed positions at a distance of L=10
cm from each other; the object is placed at different
distances from the sensors along the x-axis (for example,
50 cm, 100 cm, 150 cm, 200 cm); For each position of
the object, the distances @1 and 9= rom the sensors to the
object are measured.

Steps of the experiment:
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- place two HC-SR04 ultrasonic sensors at known
coordinates (x1,¥1) = (0,0) and (xz,¥2) = (10,0);

- place the object in four different positions (50 cm,
100 cm, 150 cm, 200 cm from the sensor axis);

- measure distances for each position &1 and @2 using
both sensors;
- using the triangulation method, calculate the real

coordinates of the object X, V;

- determine the measurement error (€) based on the
calculated and real values of the distances. The error is
calculated using the formula:

e=1L, — L 3

where L2 — measured value, and L1 — actual distance.
The measurement results obtained during the
experiment are presented in Figure 1.

Combined Distance Measurements

mmm Measured Distance d1
BN Measured Distance d2

—e— Triangulated Distance | 200
Real Distance

2001

Measured Distances (cm)
- - = -
L ~ = N Tl ~
Q w o W o w
P N

n
W
i

Figure 1 — Graph

As can be seen from the table, the measurement error
is no more than 0.2 cm, which is consistent with the
technical error of the HC-SR04 ultrasonic sensors. Since
the accuracy of the sensors is £3 mm (0.3 ¢cm), the values
obtained are within the permissible error.

I11. Conclusion

In the context of Industry 5.0, collaborative work
should have a high level of interaction with people and
the environment. The use of triangulation allows you to
create more adaptive and intelligent systems that can not
only accurately determine the position of objects in the
working area, but also dynamically respond to changes in
the environment.

Thus, the method of triangulation based on ultrasonic
sensors is an important tool for creating intelligent,
dynamic systems of interaction between robots and the
working environment in the context of Industry 5.0.
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JIoC1IPKEHHS MEXaHIYHUX TTapaMeTPiB THYUYKHUX
KOMYTaILIHHUX CTPYKTYP IJIsI MOOUTBHUX

poOOTH30BaHMX MIATHOPM
I. B. XKapikona, /. O. Hikitin
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Anomauia: Y po6oTi po3risiHYyTO (aKTOPH, SIKi BIUTUBAIOTH
Ha (DI3UKO-TEXHOJIOTIUHI MapaMeTpu THYYKHX KOMYTaIliHHUX
CTPYKTYp y CKJIami MOOUIBHHX pOOOTH30BaHHX ILTAT(HOpPM
[UBUTBHOTO Ta BIiIICBKOBOrO NpHM3HaueHHs. [IpoaHamizoBaHO
0c00JIMBOCTI MEXaHIYHMX BIUIMBIB HA TaKi CTPYKTYpH. 30Kpema
HABE/ICHO PpEe3ylbTaTH EKCNEPUMEHTAIbHOTO  JIOCIi/KEHHS
CTIHKOCTI MONIiMIIHMX THYYKHX KOMYTAIiHUX CTPYKTYp IO
0araTopa3oBUX JUHAMIYHUX BUTHHIB.

Kniouoei  cnosa: THyuKi  KOMyTauiiiHi  CTPYKTypH,
poboTu3oBaHa miathopma, TTOJIIMI, MeXaHIvHI
HaBaHTAXEHHSL.

I. Bctvn

BaxnmuBUM HampsIMKOM —Cy4acHOi €NeKTPOHIKH €
PO3BUTOK THYYKHX KomyTamiitaux crpykryp (I'KC) [1].
Ix 3aCTOCYBaHHSI B POOOTOTEXHilli BIJIKPHBAE
NEepPCIEeKTHBU ISl CTBOPEHHS MOOUTbHUX TardopMm 3
MIJIBUIIICHOI0O MaHEBPEHICTI0 Ta (YHKIIOHAIBHICTIO 32
paxyHOK MiHiaTIOpu3allii Ta aJlallTHBHOCTI KOMITOHEHTIB
[2-9]. TluTanHSAM BHUKOPHCTaHHS TaKUX THYYKHX
KOMIIOHEHTIB Y PI3HUX TEXHIYHHMX 3ac00axX MPUCBIYCHO
0araro IOCJi/KEeHb BITYU3HSIHUX 1 3aKOPJIOHHHUX aBTOPIB
[10-14].

AXTyanbHUM € JOCIIPKEHHS MEXaHIYHUX MapaMeTpiB
TaKuX CTPYKTYp, BIUIMBY 30BHIIIHIX HABaHTa)XeHb Ha
LIJTICHICTh, JOBIOBIYHICTh $IK CaMUX MICIEKTPUYHHX

MIJKIAJ0K, KOMYTAIliHHOI CHCTeMH, TakK 1 Miclb
3’€THAHHS 3 KOHEKTOpamH [15-16].
1. IIOCTAHOBKA 3ABJIAHHS

Y xoni mocmimxens [17], BUKOHyBaHUX Ha Kadeapi
KITAP XHVYPE, aBropamu Oyli0o 3amporoHOBaHO
MOJIEpHI3yBaTH YyHIBEpCallbHy MOOUIbHY pPOOOTH30BaHY
wiarpopmy (PII), mnpusHaueHy s BHKOHAHHS SIK
LUBLUIBHUX, TaK 1 BIHCHKOBHUX 3aBJIaHb, 13 BAKOPUCTAHHSIM
THYYKHX 1 THYYKO-)KOPCTKUX KOMYyTaliHUX CTPYKTYp Ha
MOJIMITHIN OCHOBI.

Enexrpuuni MiK3’e€qHaHHS y pyxoMuxX dactuHax PII
BUKOHYBAaTUMYTBCS 32 JONOMOIOI0 TaKWX CTPYKTYp IUIs
3MEHIIEHHS X TabapUTHO-MAcOBUX XapaKTEPHCTHK 1
3a0e3nedeH s CTa0lTbHOCTI 3B SI3KIB MiXK 3’ €THYBaHUMH
Momymsma  PIT HaBith 3a ymoBm BBy Ha PII
necTalimi3ylounX 30BHINIHIX YWHHUKIB, HAIPHKIAL,
BiOpamiit 1 yaapis mix wac pyxy PIL.

Ha puc.l HaBemeHo 3arambHHN BUTISAX MOOLTEHOL
pobotu3oBaHoi  1miatdopmu, I€  TIPOTIOHYETHCS
BHUKOPHUCTATH THYYKO-)KOPCTKiI MiXK3’€THAHHSI, Ha pHC. 2 —
30ibIIIeHe 300pa)KEeHHS AUITHKH TPOKIAIaHHS THYYKOTO
meiida Big amapatHoro 3abe3medeHHs A0 PYyXOMOI
yactuHu PII.

Mertolo TIpOBelEHHST JIOCTiKEHb OyJl0o BUBYEHHS
(hi3MKO-TEXHOIOTTHHUX napameTpiB nomiimMigHIX
THYYKHX 1 THYYKO-)KOPCTKMX KOMYTalliHHUX CTPYKTYp Ta
iX exkcrnepuMeHTajJbHEe JOCTIDKEHHS 3 YypaxyBaHHSIM
MOXIIMBUX JI€CTaOIIi3yl0unX BIUIMBIB Ha HUX IijJ 4Yac
eKCIuTyaTarlii y ckiaai Moounpaux PIT.

I'ayukni
muteidg

Puc.1. 3aranbHuii Bua MoOUIbHOT pOOOTH30BaHOT
IaTGOPMH 3 THYYKO-)KOPCTKUMH M3’ €THaHHSIMU [17]

A
iy,

Sy
"I“li“q"“h' |
A

Puc.2. JlinsgHKa MpoKiIalaHAS THYYKOTO nuteta
BiJl amlapaTHOTo 3a0e31edeHHs 10 pyxomoi yactuHu PIT
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I1l. IIAPAMETPU MEXAHIYHIX BIUIUBIB HA 'KC

Cykynnicts mapametpiB ['KC Bkmowae B cebe
KOHCTpYKTUBHI K, enektpuuHi FE, wMexaHiuHi M,
excmuyataniiai O ta TexHojoriuni 7 mapamerpu [11,
16]:

F={K E,M, O, T}, @)

e K — KOHCTPYKIVBHI XapakTepuCTWKH; £ — eNeKTpHuHi
XapaKTepucTuku; M — MexaHiuHl xapakrepuctuky; O —

SKCIUTyaTalliiiHi ~ XapakTepuCTKy; 1  —  TCXHOJOTIYHI
XapAKTEPHCTUKH.
BusHaueHi OCHOBHI XapaKTEPUCTHKAMH THYYKHAX

CTPYKTYP, sIKi y3araJbHEHO 3aITUCaHi B MOJCIh:

TKC=<T,P,,Py P, P K >,

con?

o)

neT — tun TKC; B, — Habip mapameTpiB OCHOBHOTO
wapy; P,y — Habip mapameTpiB 3B’s3yBaJbHOTO MIapy;

P.on — Habip mapametpiB mpoigHukoBoro mapy; P, —

Habip mapaMmerpiB apmyrouux ainsHOK; K
KOHCTPYKTUBHHX IIapaMeTpiB.
Tumu THYYKHX  CTPYKTYp MOXHA

HaCTyHHI/IM YUHOM:
t, [1r]
T =11, [TaK],
to, [ 10K |

— Habip

[IPEACTaBUTU

®)

ne t; — reyuki apykoBani miaty; t, — rHyuki apykoBaHi
kabeni; {3 — THyYKO-KOPCTKI APyKOBaHI IUIaTH.

Habip mapamerpiB mapy mmigKiIaJKid MOXKHA ITPEICTABUTH
SIK:

Py =<MT,,6AE>, 4

TeMIepaTypa

e M

CKIIyBaHHS; & — BIJHOCHA Ii€JIEKTpUYHA ITPOHHKHICTB;
A TOBLIMHA OCHOBHOTrO wiapy;, FE MOJIYJTb
MIPY>KHOCTI.

Habip napameTpiB 3B’513yBaJbHOIO
XapaKTepu3yeTbcss  KOe(IlliEHTOM  B’SI3KOCTI
a[Ire3uBHOI 3/IaTHOCTI, 8 TAKOXK TOBLIMHOIO LIaPY:

P =<K,.Ky, Ay >,

— Oasosnit marepiam; Ty

mapy
Ta

®)

KoeimienT

ka
aIre3uBHOI 34aTHOCTI; A,y — TOBIIMHA 3B’SA3yBAJILHOTO

nrapy.
Habip mapameTpiB TpOBIAHMKOBOTO IIapy MOXHA
MIPEACTABHUTH SIK:

ne K, — koedimient B s3K0CTI;

Peon =< Mcons Acons Econ K >, (6)
ne Mg, —marepiam; Ay, —ToBumHA Wapy; E.,, —Momyis
npykHocti; K — koedillieHT BIOMHHX —XapaKTepUCTHK
Marepiany.

Ha6ip mapamerpiB  apMyroumx  AUBIHOK  MOXHA
TIPEZICTABUTH SIK:
P, =<M,,&,A,E, >, (7
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e M, — GasoBuil mMatepian, & — BITHOCHA JieNEKTPHYHA
HPOHMKHICT; A, — TOBIIMHA OCHOBHOIO IIapy; £, — Momyib
TIPY>KHOCTI.

Habip KOHCTpYKTMBHHX MapaMeTpiB MOXKe BiIPI3HATHCS
Yy KOKHOMY KOHKPETHOMY BHIQJKY, allé MaE€ MICTHTH
iHdopmMariro npo radapurtai posmipu ['KC, KUTBKICTE Iapis,
PO3MILIIEHHST Ta KOHCTPYKTHBHE BHKOHAHHS CJIEMEHTIB
TIPOBITHUKOBOTO I1apy, & TAKOK MapaMeTpH MiCIb KpIIUIEHHS
Ta TEXHOIOTTYHHX OTBOPIB.

Ha T'KC y ckmaai mo6insHOI PII MOXYTh BIIIMBaTH
Taki BHJM MEXaHIYHMX HABAHTAXKCHb. PO3TATHEHHS,
MepEeTHHN
Ta TEepeKpy4YeHHs; UUKIIYHI HaBaHTA)XEHHS; MEXaHIuHe
3HOIIYBaHHS TIiJ1 JIi€f0 aOpa3suBHOTO TEPTSL.

[TapameTpuuHy MOZENb MEXaHIYHOTO BIUIMBY Ha
PO3TSATHEHHS] MO>KHA 3allCaTH HACTYITHUM YHHOM:

Dy =<V, Fs. >,

®)

Ie Vi, — LIBHAKICTH BILIMBY, MM/c; Fg — cuima BBy,

kH; a — Bich BiIHOCHO 3pa3Ka.

[TapameTpoM MeXaHIYHOTO BIUIMBY Ha TEpPETHHU Ta
MEPEKPYUCHHS € pajiiyC IepEerHHy.

[TapamerpuuHy Mojeidb UMKIIYHAX HABaHTaKEHb
MOYKHA 3aITUCaTH Y BUTJISL

Dy =<f,AK, >, 9)
ne f — gactora HaBaHTaxeHb, I'm; A — ammiiTyna
HaBaHTaxeHb, MM; K, — Habip mapamerpis, w010

XapaKTepU3yIOTh MEXaHiKy KOHKPETHOTO HABAHTAKCHHSI.
Po3misiHyTi MOJiesi MOKJIaIeHO B OCHOBY HPOBEICHHS
HOJAJIBIINX CKCIIEPUMEHTAIBHUX JI0CTIKEHb.

IV. JIOCHIDKEHHS BIUTMBY MEXAHIUYHUX
HABAHTAXEHb HA I'KC

Jlnst poBeJCHHST EKCIICPUMEHTATIBHOTO JIOCTiHKCHHS
BIUTHBY MEXaHIYHHX HABaHTAXCHb HA THYYKO-)KOPCTKY
komyTaiitny ctpykrypy (IKKC) 6yno obpano mueiid
Ha OCHOBI MOMIIMIAHOT MIAKIAIKH, SIKHHA 300pakeHO Ha
puc.3. Ha npomy BcraHoBieHo: 1 — cBiTomion; 2 —
KOHEKTOp 3apsiaku; 3 — MiHi-USB 3’ennyBau.

2

Puc.3. Jocmimkysanuii 3pazok [ JKKC

MeTo TpOBEACHHS EKCIEPHUMEHTY € JOCIIJDKeHHS
moka3HuKiB  cTiikocTi IJKKC mo  GaraTopa3oBux
IUHAMIYHIX BHTHMHIB Ta IX BIUIMBY Ha eIEKTPUYHI
XapaKTePUCTHKA KOMYTAI[IHHOI CHCTEMH B MOMEHT
BUHUKHEHHS TPILIMH y APYKOBAHUX MPOBIIHUKAX.

Jist mpoBenieHHsT MOCHIKEeHHST Oyio 3i0paHo Maker,
KA J03BOJIsIE TIpoBoauTH muHaMiyHi BuruHE [KC mix
3aJjaHUM KyTOM Ta 3a gomomororo iHtepdeiicy UART
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nepexaBaTd  iHQOpMamil0o TPO  KUIBKICTh  LUKIIB
nedopmanii Ta 3MiHy Hampyrn |y TIpOBiIHHKax
JIOCJTI/PKYBaHOTO 3pa3Ka JI0 MPOrpaMHOro 3a0e3rnedeHHsl,
y SIKOMY I aHi BitoOpakaroThCs Ha rpadiky.

Pyxoma yacTuHa MakeTy NMPUBOJMTHCS B [0 IBUTYHOM,
sIKui rioBeprae 3akpimieHy I’ KC 3 pobodoro crany 1o Kyra
y 130°.

Sk Bximamii curaan Ha [DKKC yepe3 KOHTaKTHI IUIONMHKA
niofaeascst ctpyM 0,1 A. BuxigHum mapamerpoM € HajiHHSI
HaIpyTH, sSIKe BUMIPIOEMO 32 JOIIOMOTOI0 YOTUPHOX30HIOBOIO
METOLTy.

Ilix mOKa3HWKOM CTIHKOCTI JO BUTHHIB IPUAMAEMO
kitpkicTh 1uKiiB 3ruHaHHA [JKKC 3 pobodoro crany mo

kyra y 130° a B $K eNeKTpuYHy XapaKTepHUCTHUKY
MIPUMaEMO 3MiHy HaIpyTH.
Y pe3yapTaTi  eKCHEPUMEHTAIBHOTO  JOCIIHKECHHS

Oyno mpoBeaeHO 6592 IMKIIB JUHAMIYHUX BHTHHIB
momiimigaoro  mwiedipa.  CepenHs — Hampyra — Ha
MIPOBIIHMKAX MPU IbOMY  CcTaHOBWIIA 68,841 MB.
ExcniepumeHT 3aBepmmBcst po3puBoM Iwieida y Mmicii
KpimenHst cBimoniona (puc.4). Ilpn npomy mporpama
3adikcyBaia pi3ke miaBumieHHs Hanpyru o 3000 mB.

Puc.4. Po3puB uuietica qociimpKyBaHOTo 3pa3Ka
HicIIsl IMHAMIYHUX BUTHHIB

VY 3B’43Ky 3 OTpPUMaHHMH pe3YJIbTaTAMH MOKEMO
3pOOHUTH BUCHOBOK, II0 PO3PHUB BiAOYBCS y MICIIi, SIKE HE
BIJTIOBIIA€  MPOTHO30BAHUM  MICHSIM  IMOBIpHHX
nedopmariii, ski momepeHbO OyJI0O BU3HAYEHO 3a
pe3yJbTaTaMu MOJENIOBaHHS. TakoX JIOCHiKyBaHHUN
uuieiip BUTpUMaB  Maly — KUIBKICTh — JAMHAMIYHHX
nedopmariii — menme 10000 mUKITIB 3rUHAHHS THYYKOT
yactuau [ 7KKC 3 poboyoro crany 1o kyta 'y 45°.

V. BUCHOBKU

HaBemeni momemi mapamerpiB [KC 1  orpumani
pe3yAbTaT! eKCIEPUMEHTAITBHIX JOCTIHKEHbD MOXKYTh OyTH
BUKOPHUCTaHI i Yac ONTHMI3allil eTarmy MpPOEKTYBaHHS
TaKUX CTPYKTYp I BUKOPHUCTAHHSA iX Y CKIIaAi MOOUTHHIX
PII, 30okpema mIf ypaxyBaHHS MOXJIMBUX MiCIh
nehopmarrii i pyliHYyBaHb
1 cKIamaHHA OUIPIN [EeTATPHUX PEKOMEHAAMil I
BUTOTOBIIEHHA Ta eKCIUTyaramii momiOHMX BHpPOOIB 3
ypaxyBaHHIM
SIK  OCOONMBOCTEH  KOHCTPYKHIA 1  3aCTOCOBYBaHHX
MarepiaiB, TaK i YACIICHHUX 30BHIITHIX BIUIABIB.
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Development of a Structural Control Scheme for a
Small-sized Mobile Robot for Investigating Damaged
Buildings
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Abstract: The article deals with the development of a
structural control scheme for a small-sized mobile robot
designed for the investigation of damaged or destroyed panel
buildings. The robot is equipped with ESP32-Cam hardware
modules for real-time video transmission, L298N motor driver
for motion control, DC converter for power stabilization and
BMS 3S module for safe battery charging. Special attention is
paid to the technical characteristics of the components, their
interaction and influence on the overall performance of the
system. The developed scheme ensures reliable and efficient
operation of the robot in conditions of limited access and
difficult navigation conditions, which is relevant in the context
of the inspection of buildings after destruction caused by
military actions.

Keywords: mobile robot, block diagram, robot control,
building research, ESP32-Cam, prefab buildings.

I. Introduction

The urgency of developing a structural scheme for
controlling a small-sized mobile robot by a researcher is
due to modern challenges associated with the need to
inspect damaged buildings, in particular panel structures
that have undergone significant destruction as a result of
the military aggression of the Russian Federation. Panel
houses, which are common in Ukraine, have a specific
structure of large panel elements, which, in case of
damage, can create a danger for conducting rescue
operations or assessing the condition of the building. Due
to weak connections between panels, even partial
collapses can cause entire sections of the building to
collapse, making it difficult to access areas requiring
inspection. The use of small mobile robots allows for safe
and efficient research in such areas, reducing risks for
rescuers and engineers. Such robots are able to penetrate
hard-to-reach places, monitor the condition of structures
and transmit information for further analysis, which
makes them indispensable in the process of surveying
destroyed or damaged buildings in the conditions of
modern conflicts.

Il. STRUCTURE DIAGRAM OF THE MOBILE
ROBOT

The control block diagram of a small-sized mobile
robot for investigating destroyed or damaged panel
buildings includes the use of hardware elements such as
ESP32-Cam, L298N motor driver module, DC converter
and BMS 3S module to charge three 18650 batteries. The
main computing platform of the robot is ESP32-Cam,
which not only provides control of the entire system, but
also provides real-time video transmission for remote
monitoring. The ESP32-Cam was chosen for its low cost,

Wi-Fi support, and an integrated camera that allows the
operator to see the robot's environment without the need
for additional cameras. Its compact size and energy
efficiency make it ideal for use in small mobile systems.

To control the movement of the robot, the L298N
motor driver module is used, which can control two DC
motors with a maximum voltage of up to 46V and a
current of up to 2A per channel. This driver allows you to
control the speed and direction of rotation of the motors,
which is critical for maneuvering the robot in difficult
environments, such as uneven or collapsed surfaces of
damaged buildings. L298N has a reliable design that
ensures stable operation even under conditions of
increased load on engines.

The DC converter in the system is used to stabilize the
voltage supplied to the motors and other elements of the
system. Since 18650 batteries have a nominal voltage of
about 3.7V, and the ESP32-Cam and L298N modules
require a stable 5-12V to operate, using a converter
allows you to provide the required voltage level. This is
important to maintain the stable operation of the system
during long-term use of the robot in research conditions.

The BMS 3S module for charging three 18650 batteries
is chosen for its ability to ensure safe and efficient
charging of the batteries, preventing them from
overheating and over-discharging. This is critical for the
autonomous operation of the robot in the field, where the
lack of fast charging requires the most efficient use of
energy. 18650 batteries ensure long-term system
operation due to their high capacity and reliability.

Together, these hardware components provide effective
control of a small-sized mobile robot capable of
exploring damaged prefab houses, maneuvering in
difficult environments, transmitting video information,
and operating autonomously for long periods of time.

The developed structural diagram of the control of a
small-sized mobile robot for the investigation of
destroyed or damaged panel buildings is presented in
Figure 1.

The developed structural diagram of a small-sized
mobile robot for the investigation of destroyed or
damaged panel buildings has a number of advantages
compared to existing solutions. First of all, using the
ESP32-Cam as the main module for video transmission
and system control allows you to significantly reduce the
cost of the robot without losing its functionality. Unlike
more expensive platforms with separate cameras and
transmitters, the ESP32-Cam integrates all the necessary
components in one device, providing real-time video
transmission over Wi-Fi. This allows you to quickly
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monitor the condition of the building without the need for
complex and expensive solutions, such as professional
drones or stationary inspection systems.
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Figure 1— Structural diagram

Technically, the ESP32-Cam-based robot is light and
compact, making it ideal for exploring hard-to-reach
places in collapsed or unstable buildings. Thanks to the
L298N motor control modules, the robot has the ability to
precisely control the speed and direction of movement,
allowing it to maneuver in difficult conditions where
large and heavy platforms may not cope. In addition, DC
motors provide high torque at low speeds, which is key
for handling bumps or debris.

Compared to other solutions, this scheme provides
long-term autonomous operation thanks to efficient
power supply. Three 18650 batteries with a 3S BMS
module guarantee a stable power supply and protection
against overloads, which is important for work in field
conditions where access to charging stations is limited.
Compared to commercial work that uses more energy-
intensive power systems, the proposed scheme provides
better energy efficiency and operation duration, allowing
research to be carried out for several hours without the
need for charging.

From the technical side, the use of a DC converter
allows you to adapt the battery voltage to the
requirements of various system components, including
engines and control modules. This makes it possible to
efficiently use energy resources without losses and
overheating. As a result, the developed scheme has
significant advantages in terms of accessibility,
compactness, energy efficiency and flexibility in use in
damaged buildings where existing solutions may be
cumbersome, expensive or less effective.

I11. Conclusion

The proposed scheme is an effective and
technologically sound solution for the investigation of
destroyed or damaged panel buildings. The use of such
hardware elements as ESP32-Cam, L298N motor driver,
DC converter and BMS 3S module for 18650 batteries
allowed to create a compact, economical and reliable
platform that is able to perform tasks in difficult
conditions. With the ability to transmit video in real time
and support wireless communication, the mobile robot
provides remote monitoring of the condition of
structures, making it a valuable tool for engineers and
rescuers.

The motion control efficiency of the L298N module
allows precise control of speed and direction of motion,
which is critical for maneuvering in uneven or congested
building areas. 18650 batteries in combination with the

BMS 3S module guarantee long-term autonomous
operation and overload protection, which is an important
advantage for working in conditions where access to
charging stations is limited. At the same time, the use of a
DC converter ensures a stable power supply to all
components, which prevents system interruptions.

In general, the developed scheme of the mobile robot
turned out to be more energy efficient, affordable and
technically flexible compared to some existing solutions.
Its compactness and functionality make it suitable for use
in various conditions, in particular during research of
damaged buildings, which is especially relevant in
modern conditions of military operations. Prospects for
the development of this scheme include the possibility of
further improving the system by integrating additional
sensors and algorithms to increase autonomy and
accuracy of operation in difficult conditions.
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Abstract: B pobori 0OrpyHTOBaHO HEOOXiIHICTH Ta
MOXJIMBICT  IHTEJIEKTYyalbHOT ~ KEPYBaHHS aBTOHOMHHUMH
TPaHCIIOPTHAMH 3aCO0aMU-IIATIIAMH BHYTPIIIHBO-CKJIAJCHKHX
JIOTiCTHYHUX CHUCTEM.

Keywords: aBromarusarisi, poOOTOTEXHiKa, JIOTiCTHKA,
iHTeNeKTya IbHe KepyBaHHS.

I. BCTYII

BrpoBamkeHHss caM€ aBTOHOMHHMX TPaHCIOPTHX
3aco0iB-IIATIIIB HAJa€ 3HAuYHI TIepeBard BHYTPILIHBO-
CKJIaACBbKUM J'IOl"iCTI/I‘{HI/IM CHUCTEMaAM 3aBAsIKHU
MOXJIMBOCTSAM  3a0e3ledeHHs  Oiabmiol  IIBHAKOIIT
KEepPyBaHHS Yepe3 BUKIIOUCHHS HEOOXITHOCTI JIIOIMHU
oreparopa. 3po3yMijso, M0 KEpyBaHHS aBTOHOMHHMH
TPAHCIIOPTHUM 3aCOOM-IIATIIOM Ma€e OyTH Y3rOjKeHe i3
3aB@HHSIMA  BHYTPINIHBO-CKJIAJCHKOI  JIOTICTUYHOI
CHCTEMU.

MOJITMBOCTI TpaJULiHHUX TEXHOJOTIH aBTOMaTh3allii,
L0 3aCHOBaHI Ha BUKOPHCTaHHI PETYJSTOPIB, € IOCHTh
00MEXEHHMH Ta JO3BOJISIOTH JIMIIE KEPyBaTH OKPEMUMH
napaMeTpamMM  CTaHy  aBTOHOMHHMX  TPaHCIOPTHHX
3ac0o0iB-1IATIIIB.

3a uux ymoB Ui 3a0e3nedeHHst e()eKTHBHOI poOOTH
BHYTPIIHBO  CKJIAJCHKOI  JIOTICTHYHOI ~ CUCTEMH,
OCHAIIeHOI ABTOHOMHHMMH TPAaHCIOPTHHMH 3ac0o0aMH-
HIaTiIaMy, JOCHTh TPHUBAONMBHM € BHKOPHCTAaHHS
IHTEJIeKTyalbHIUX CHCTEM, 3aCHOBAaHMX Ha OINTHMIi3arlil
BUPOOHHYHUX MPOLECIB 3 BUKOPUCTAHHAM KOMII'FOTEPHUX
TexHonorid. Came BHKOPHUCTAHHS IHTENCKTyaJbHUX
CHUCTEM KEepyBaHHS [O3BOJUTH HAICKHHM YHHOM
3a0e3nevyBaTi eeKTHBHICTh €KCILTyaTallii BHYTPILIHBO-
CKIQJCBKHX  JIOTICTHYHHUX  CHCTEM,  OCHAIICHHX

ABTOHOMHHMH TPaHCIIOPTHUMH 3acobaMu-maTiamMu [1-
7].

Il. ABTOHOMHUI TpaHCTIOPTYBAIBHUI IIATII

OcHOBHUM MIPU3HAYCHHSIM BHYTPIIIHBO-
CKJIA[ACBhKOI JIOTICTUYHOI CHCTEMH € 3a0e3MeucHHS
HaJIe)KHOTO TPaHCIIOPTYBAaHHS BAaHTAXIB MiXK 30BHIIIHIMH
TPAHCIIOPTHUMU 3aCO0aMH Ta CKIAJICHKUMU CTEIaKaMH, 1
ABTOHOMHI TPaHCHOPTYBAJbHI YOBHHWKH BIAITPIFOTH B
OMY TIPOLIEC] BHpIMIaIbHY poiib (puc.l).

Hiticho (puc.l), BaHTax -1 micHI HAIEKHUX
BaHTAXXOITTHOMHUX pPOOIT Mae OyTH IOCTaBICHHU 3a
TPaHCIOPTYBAJIBHOTO ATITY -2 O CKJIAJICEKOI0 CTeJaxa
-3 3a IOCUTB CKJIQJHAUM MapIIpyTOM TPaHCIIOPTYBAHHS -
4.

BaHTaXiB
-5

Jns  37iiCHEHHS  TPaHCHOPTYBAaHHS
TaKo)XK HEoOXimHO 3abe3redyBaTH TMOBEPHCHHS

MOPOKHBOTO aBTOHOMHOTO TPAaHCIOPTYBAJIBHOTO IIATIY
-2 10 MalJaH4uKy -6 IUTs BAHTAXKOIMiTHOMHUX POOIT Ha
30BHIIIHBOMY TPaHCIIOPTI.

CknanHicTh TpaHcropTyBaHHS -4 (puc.l) BaHTaxiB
o0yMOBIIeHa TUMH OOCTaBHHaMH, IO TpPU JOCTATHHO
BEJMKI  JIOBKHHI I[bOTO  TPAHCIIOPTYBaHHA Mae
3a0e3rnevyBaTucs JIOCUTh BHCOKa TOYHICTb
MO3UI[IOHYBAaHHSI aBTOHOMHOTO IIIAaTiia HAIIPUKIHII HOTO
pyXy /Ui HaJeXHOTO Y3TO/KEHHsA pOOOTH pi3HUX
CKJIAJOBHUX BHYTPIilIHBO-CKJIAJICBKOT JIOTICTUYHOL
CUCTEMHM, IIOJI0 TMOBO/DKEHHS 13 BaHTaXXaMH, IO
TPaHCIIOPTYIOTHCS B il MeXkax.

IIpu oMy, yIPOJIOBK TpaHCIIOPTYBaHHSA -4 (pHC.
1) cinig miATPUMYBATH HANEKHY IIBUIKICTH aBTOHOMHOTO

TPaHCTIOPTYBAJILHOT'O matia JJIA YHUKHCHHA
HOIIKO/PKEHb  CKJIAJIOBUX  BHYTPIIIHBO-CKIAICHKOI
JOTiCTUYHOT CHCTEMH, CaMoro maTiaa Ta
TPaHCIIOPTOBAHMX BaHTaXIB.

Y [pomoBX TMOBEpHEHHS -5 TOPOXHBOTO abo
HaBaHTa)KCHOTO  aBTOHOMHOTO  TPaHCHOPTYBaJIbHOTO

(puc. 4.1) cnig Takox 3abe3nedyBaTH 3allaHy IIBHJIKIC
maTiaa pPyxy Ul YHUKHEHHS IOLIKOUKEHb CKJIaJOBHX
BHYTPIIIHBO-CKJIQJICBKOI JIOTICTUYHOI CHCTEMH, CaMoro
ABTOHOMHOTO TPAaHCIIOPTYBAIBHOTO YOBHHUKY, a B JESKHX
BUIaJKaX e i TPaHCTIOPTOBaHUX BaHTAXKIB.

HanexxHa ¢ikcallisi MOTOYHOTO CTaHy BHYTPIIIHBO-
CKJIAICHKOI  JIOTICTUYHOI CHUCTEMH €  KIOYOBHUM
(akTopom, sikuit 3abe3nedyBaTume ii poOOTy MpU 3HAYHO
OOMEKEHOMY  BTPYYaHHI  JIFOJIEH-TIPAIliBHUKIB, IO
JO3BOJUTH CKOPOTHTH 4Yac peaklii Ha BUKOHAHHA
3aBJIaHb, a TAKOXK IHINI TEXHIKO-€KOHOMIiYHI IOKa3HHKHU
e(heKTUBHOCTI eKCILTyaTarlii.

3abesmnedeHHs] HaJIeXHOI (pikcarii MOTOYHOTO CTaHy
BHYTPIIIHBO-CKIACHKOL JOTiCTUYHOT CHCTEMH
3BOJUTHCA N0 (iKcamii po3TanryBaHHS KOXXHOTO BaHTAXKY
Ha CKJIAJCBKMX CTellakaX -3 Ta Ha MalJaHuuKy -6
BaHTAKOI THOMHIX POOIT HA 30BHIIIHHOMY TPAaHCHOPTI,

a TaKOX IIOTOYHOTO  MOJIOKEHHS  AaBTOHOMHOTO
TPAHCIIOPTYBAIBHOTO HYOBHUKY -2 It (OpPMyBaHHS
3aBaHb IMONO  TPAHCIIOPTYBaHHA -4  BaHTaXiB

MIO3UIIIOHYBaHHS -5 aBTOHOMHOTO TPaHCIOPTYBAaJIbHOTO
4OBHHUKA (IuB. puc. 1).

Orxe (mmB. puc. 1), cucrema KepyBaHHS -/
BHYTPIMIHBO-CKJIAJICHKO{ JIOTICTHYHOI CHCTEMH Mae OyTd
opopMmIleHa  OKpeMO Y  BHIJISAL  BiATIOBIAHOTO
KOMI'FOTEPHOTO YCTAaTKyBaHHs, SKE Mae BKIIIOYATH
cepBepd Ta poOOdYl CTaHIii, a TAKOX pPI3HOMAaHITHI
JIOKaJTbHI KOPHCTYBAJIBHHIIBKI TEPMIHAJIM Ta MPHCTPOI,
1m0 00'eJHAHI KOMIT'TOTEPHUMH MEpEXXaMH, y TOMY YHCII
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MOOUTBHUMH JUIs 3a0e3NedeHHsT OOMIHY IaHHUMH MK
BITAJICHUIMH OJWH BiJl OJHOTO CTaIliOHAPHUMH Ta
PYXOMHUMHU CKJIQTOBUMH

1 —BaHTaX, 2 — aBTOHOMHHI TPAaHCIOPTYBAJIbHHUIA MIATI;
3 — CKIIaJIChKi cTenaxi; 4 — TpaHCIIOPTYBaHHS BaHTaXiB
ABTOHOMHHUM TPaHCIIOPTYBAJILHUM YOBHHKOM;

5 — IOBEPHEHHS aBTOHOMHOI'O TPAaHCIIOPTYBAJIbHOTO
YOBHHKA; 6 — MalAaH4MK JIIS BAHTAXOITI AHOMHUX pOOIT
Ha 30BHIIIHBOMY TPaHCHOPTI; 7 — CHCTeMa KepyBaHHs Ha

OCHOBI IIM(PPOBUX TEXHOJIOTIH
PucyHok 1 — ABTOHOMHHUI TpaHCTIOPTYBaJIbHUHN AT
B JIOTICTUYHIH cUCTEMI

3aBasKu BUKODHCTaHHIO  came  IudpoBux
TEXHOJIOTIH B CHCTeMi KepyBaHHs -7 (AuB. puc. 1) Maemo
MOJMJIMBICTh ~HE TUIbKM  3[ilicHIOBaTH  (iKcalito

MMOTOYHOTO CTaHY BHYTPIIIHBO-CKIIAJICHKOI JIOTICTUYHOI
CUCTEMH, aJle TaKoX W OLiHIOBaTH crparterii il
eKCIUTyaTalii BIAMNOBIAHO 1O il MOTOYHOrO CTaH 3
ypaxyBaHHSIM  DPI3HOMAHITHHUX  TEXHIKO-€KOHOMIYHHX
MOKa3HUKIB Ta KPUTEPIiB €(DeKTUBHOCTI.

3aBIgKU 1OMY  KEpyBaHHS  BHYTPIIIHBO-
CKJIAZICBEKOIO JIOTICTHYHOIO CHCTEMOIO Oyne
IHTEJIeKTyalbHIUM, TOOTO OyZie 3MIHIOBATHCS BiAIMOBITHO
JO TOTOYHOTO CTaHy Ta TOTOYHUX 3aBJaHb 3
ypaxyBaHHsIM 0akaHUX KPUTEPIiB epeKTHBHOCTI.

[HTenexryansHe KepyBaHHS BHYTPIIIHBO-
CKJIaJICbKUMH JIOTICTUYHUMU CUCTEMaMH IPYHTY€EThCS Ha
NPUAHATTI pIlIeHb [IOA0 TOAANBIIOT 3MiHH CTaHy
CHCTEMH BiIMOBITHO 10 ii MOTOYHOTO CTAaHy Ta 3aBJAaHb
Ha OCHOBI MPOTHO3YBAaHHS  TEXHIKO-€KOHOMIYHUX
MMOKa3HHUKIB.

[HoTounuit cTaH BHYTPIIIHBO-CKIIAICHKOL
JIOTICTUYHOI CHCTEMH MOXKe OyTH OIiHeHHH MIUIIXOM
BiMTOB1THIX BUMIipIOBaHb 3 BUKOPUCTAHHSIM
BIMOBIMHMX CEHCOPIB, a TaKOXX MUIIXOM HAaJIEeKHOI
¢ikcamii JaHUX MO0 TOTOYHOTO  PO3TALIYBaHHS
BaHTaXIiB 3a JOIMMOMOTOI0 BiIIOBIIHUX KOMIT'FOTEPHIX
iH(hopMaITiHHIX TEXHOJIOTIH, 1110 TIPUHITUTIOBO
3pO3yMLJIO.

TTorouni 3aBIaHHI BHYTPIIIHBO-CKIAICHKOL
JIOTICTUYHOI CHCTEMH BH3HAYAIOTHCS TIPAIiBHUKAMU-
omepaTopaMu a00 Ha OCHOBI €KCIIEPTHUX OIIHOK, a00 Ha
OCHOBI ONITUMI3aIlii 3aBJaHb BiIOMOCTEH PO JOAAaTKOBOI
indopmamii, MmO omepkaHa 3  BUKOPHCTAHHSIM
IOIIOMDKHUX  3aco0iB ornTtuMizamii  Ha  OCHOBI
KOMII'FOTEpHOT'0 MOJICITIOBAHHS BiIIIOBITHUX MPOIIECIB.
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[IporHo3yBaHHS TEXHIKO-€KOHOMIUYHHX MOKA3HHKIB
JUISL IPUAHATTA PillleHb IIOJ0 MOAAJIBINOI 3MIHU CTaHy
CHUCTEMH BIINOBIIHO 10 ii MOTOYHOTrO CTaHy iCTOTHO
TPYHTY€EThCS Ha KOMIT'IOTEPHOMY MOJIEJIIOBAaHHI ITPOIIECiB
BHYTpIIIHBO-CKJIA/ICBKUX JIOTICTHYHUX CHCTEM, a TaKe
MOJICTIIOBAaHHS Yy  CBOIO  4Yepry 3acHOBaHO  Ha
MaTeMaTUYHUX MOJIEIISIX BIATIOBITHUX TPOLIECIB.

TakuM  uMHOM, IHTeNEKTyali3allisi IpOIEciB
KEpPyBaHHS BHYTPIIIHBO-CKIAACEKUMH  JIOTICTUYHUMHU
cUcTeMaMH MOTpeOye BIAMOBIJHOTO MaTEMaTUYHOTO
3a0e3rmeyeHHsl y BUIUIAI MaTeMaTH4YHUX MoJelnel
MpOLECiB Ta METOMIB MO0 IXHBOTO aHami3zy Ta

OnTHMI3aIlil.
3po3yMiJio, o 3MiCT MaTeMaTUIHOTO
3a0e3MeyYeHHs] IHTENEKTYalbHUX CHCTEM KEpyBaHHS

BHYTPIIIIHBO-CKJI4JICBKUMH  JIOTICTAYHUMH ~ CHCTEMaMH
ICTOTHO BU3HAYAETHCS BAMOTAMH Ta TAKUX CUCTEM i TOMY
MOe OyTH JTOCHTH pisHOMaHITHUM [8-21].

3po3yMisio, M0 Yac BHKOHAHHS TPAHCIIOPTHHX
omepaiiii TNpH TMOBOJUKCHHI 13 BaHTaAXaMH  JUIS
BHYTPIIIHBO-CKJIA/ICBKOT JIOTICTUYHOI CUCTEMH (JIUB. pHC.
1.) BU3HAYAETHCS, 3HAYHOI MIpPOI0 MIBUAKICTIO DPYyXY
ABTOHOMHHUX TPaHCIIOPTYBAJIbHUX ‘-IOBHI/IKiB TaKuUM
YMHOM, IO 301JbIIEHHS NIBUAKOCTI PyXy aBTOHOMHOI'O
TPaHCIIOPTYBAJILHOTO YOBHHKAa Belle JO0 BIANOBIIHOTO
SMCHIIEHHA 4Yac Yy BHUKOHAHHA TPaHCIOPTYBAJIbHUX
oreparii.

OT)Ke, 1L 3MCHIICHHS qacy BHUKOHAHHS
TPaHCIIOPTHUX OMepalliid MpH MOBOPKEHHI 13 BaHTaXKaMH
cmijg 3ale3rneyyBaTd  HaWOUIBILY MIBUAKICTH  PYyXY
ABTOHOMHHUX TPAHCIIOPTYBAJIBHUX YOBHHKIB.

B ToO#l Xe 4ac, NMTOMI Ha OIUHHUILIO JOBXUHH
IUIAXY  BUTPaTH  EJNEKTPOCHeprii  aBTOHOMHHMH
TPaHCIIOPTYBAIBHUM YOBHUKOM 30UIBUIYIOTBCS — MPH
301IBIIICHH] #0T0 TTOBHOT MacH Ta IBHIKOCTI pyxy [22].

3a 1MX yMOB JOILJIBHO 3allPOBAJMUTH IHTEICKTyaJbHE
KepyBaHHs, sike O 3a0e3rnedyBajio BUOIp ONTHMANBHOL
IIBUAKOCTI PyXy aBTOHOMHOTO TPaHCIOPTYBaJIbHOTO
YOBHHUKY BIJIIOBIHO 7O OOCATIB 3aBJaHb BHYTPILIHBO-
CKJIaJIChKOT JIOTICTUYHOI cuCTeMH (AuB. puc. 1) Takum
YHHOM, 00 MiHIMI3yBaTH BUTPATH €JIEKTPHUYHOI eHepril
Ha BHYTPILIHBO-CKIIAAChKe TPAHCIIOPTYBaHHS BaHTAXKIB.

111. BucHOBKH
BrpoBajikeHHSI  IHTEJNEKTYaJIbHOTO  KEpyBaHHS
ABTOHOMHHMH TpaHCHOpTyBaJ'IBHI/IMI/I mIaTJIaMHu, AKE

3abesmedye BHOIp IMIBUAKOCTI pPyXy aBTOHOMHOTO
TPAHCIIOPTYBAIBHOTO YOBHHUKY BiAMOBIAHO OO0 0OCATIB
3aBAaHb BHYTPIIIHBO-CKIAJCHKOI JIOTICTUYHOI CHCTEMH
IPYHTYETbCI Ha MaTeMaTHYHOMY 3a0€3MeuYeHHi, IO
MPENICTABISATHME CITIBBIIHOIIECHHS MK 00CSITOM 3aBJIaHb,
OakaHMM YacoM IXHBOTO BHKOHAHHS Ta BIJITOBIIHIN

IIBOMY  4Yacy  IIBHAKOCTI  pyXy  aBTOHOMHOTO
TPaHCTIOPTYBAJILHOTO YOBHHKA.
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[Iporpamue 3a0e31eueHHS 1JIsI PO3PAXYHKY
PE30HAHCHHUX YaCTOT MEMOpaH >KMBUX OpPraHi3MiB

Pomio Kimumenko?, JImutpo Kyxapenko?
1. HaB4anpHO-HaYKOBUI{ iIHCTUTYT €JIEKTPUYHOI iHXKeHepii Ta iHpopMamiHHUX TEXHOIOTIH,
KpemenuyubKkuii HallionansHuii yHiBepcuTeT iMeni Muxaiiia Ocrporpajckkoro, YKPATHA,
Kpemenuyk, By ITepmorpastesa, 20. email: dkuch100@gmail.com

Anomauis: Y poOOTI TPOBOMUBCA OIJISA  JOKEPENT
iH}pa3ByKy MITyYHHX Ta HNPUPOJHIX, a TAKOXK HOro BILUIMB HA
*uBi opraHi3mu. IIpoBeneHi eKCIIepUMEHTH Ha KOJIOPaJChKUX
JKyKax 1 jkabax cBiguaTh IO CMEpTEIbHY Hifo iH}pa3ByKy. A
o710 JiroquHu 7 ['11 BBaxKaeThest cMepTelTbHUM 1 11 Hei. Hemae
HayKOBHX BHUITPOOYBaHb 1 Mpalp 070 MIKpOOpPraHi3MiB, TOMY
JOCITI/DKEHHS 1i€] TEMaTHKH € aKTyaJIbHOIO 3aJ1avero.

EnementrapHa dYacTWHKAa HEWTPHHO BOJIOMIE, SIK BIJIOMO,
BEJIMYE3HOI0 NPOHUKAIOUOI0 3/aTHIiCTIO. [H(pa3Byk — cBOTO
POy «aKyCTHYHEe HEWTPHHO» — 3IaTHHUH TpoXomuTH 0e3
TIOMITHOTO OCJIa0JNeHHs1 4epe3 CKIO 1 HaBiTh Kpi3b CTiHMH.

Knrwouosi cnosa: iHQpa3Byk, HU3bKOYACTOTHE KOJIMBAHHI,
MIKpOOpTaHi3MH.

. BCcTvin

[H(pa3ByKOM Ha3MBaIOTh AKYCTUYHI KOJMBAaHHI 3
gactororo Hmxkue 20 T'm. Ileit yactoTHME miama3oH
JNeXHUTh HIK4Ye ciayxoBoro mopory [1]. Cmyxoswuii
aHaji3aTop JIIOJAMHM HE CIPOMOXHHHA CIIpUAMATH
KOJIMBaHHSI TakuX uyactor. I[HQpa3Byk 3a izuuHUMU
XapaKTePUCTUKAMI Ma€ OAHAKOBY HPHPOAY 31 3BYKOM

BiH MajJ0 IIOIJIMHAETBCS IOBITPSIM, TOMY MOXE
MOLIMPIOBATHCh ~HAa  BesKi  Bincrani. [HQpasByk
XapaKTepU3y€eThCs iH(pa3ByKOBUM THUCKOM,

IHTEHCHBHICTIO, II0 BHUMIPIOIOTECS Y Jenubenax. Y
BUPOOHMYUX yMOBaXx iH(pa3ByK reHEPYEThCS MPU POOOTI
KoMIIpecopiB, TypOiH, JAW3ENbHUX JBUTYHIB, IO
3IIHCHIOIOTh 00EPTOBI Ta 3BOPOTHO-TIOCTYIANIBHI PYyXH, a
TAaKOX TypOYJEHTHI MPOIECH, IO BUHUKAIOTH IiJI 4ac
PYXy BeIMKUX MOTOKIB Ta3iB abo pimuH. BHacmigok
UbOro 1H(Pa3ByK CYNPOBOUKYEThCS 3BYKOBOKO abo
iH(Pa3BYKOBOIO YACTHHOIO CIIEKTPA.

Jdo o0’exTiB Ha skux IiHppa3BykoBa 00JaCTh
aKyCTUYHOTO CIEKTpy IepeBaka€ Hal 3BYKOBOIO,
BiTHOCUTBCSI aBTOMOOUIPHMH 1 BOJHHH TpPaHCIIOPT,
KOHBEPTEpHI 1 MapTEHIBCbKI IE€XH METaIypriiHOTO

BHPOOHHUIITBA, KOMITPECOPHI, ra3ornepeKadyBaibHi
cTaHIii, MOPTOBi KpaHU 1 T. iH. [H}pa3ByK sK izmunHe
SIBHIIIE i AITOPSITKOBYETHCS 3aKOHOMIPHOCTSIM

XapaKTepHUM I 3BYKOBUX XBHIIb, ajie KpPiM LBOTO Ma€
psAa 0coOIMBOCTEH, IO TMOB’s3aHI 3 HU3BKOK YaCTOTOIO
KONMBAaHHSA IpPYXHOro cepemoumma. Jlo  Takux
ocobmmBoCTeH iHPPa3BYKY HANEKUTH:
— OlmpIIa amInITYAa KOJNWBaHb HIK aKyCTHYHUX XBHIIb
TIPH Pi3HiH MOTYXHOCTI JKEpeta 3ByKY;
— pO3NOBCIO/DKEHHS HA BEIMKY BiJICTAHb B JDKepema
yepes ciadKe MOTIMHAHHS HOTo aTMOC(HEPHUM TTOBITPSIM;
— CTBOpEHHS sABUINA AU(pPAKIiI depe3 BEINKYy ITOBKUHY
XBHJIB;
— 3JaTHICTb CTBOPIOBATH BiOpaIlif0 KPYMHUX 00’ €KTIB
Yyepes3 SIBUIIE PE30HAHCY.

Bkazani ocoGmuBOCTI iH(Pa3BYKOBHX XBWJIb UHHSTH
TpyAHOUII y OOpoTEOI 3 HHMH, TOMY IO KJIACHYHI

3aco0H, Taki SK 3BYKOIOTJIMHAHHS, 3BYKOI30JLis abo
BiJIaJICHHS BiJ JDKEpena, IO BUKOPHCTOBYIOTHCS JUIS
3HWKEHHS IIyMy, BHSBJISIOTBCS MajJoe(EeKTHBHHMH. 3
JITepaTypHUX JDKEpe BiZIOMO MPO YYTIHBICTH JIIOJAWHA
JI0 KOJIMBaHb 3 BEJIMKOI0 IHTEHCHBHICTIO B 00nacTi
iH(pa3ByKOBHX YacToT. Bcebiune BUBUEHHS 0i0JIOTTUHOT
nii  iH(Qpa3ByKy IPOAOBXKYE TpUBATH, aje ICHYIOYI
BUCHOBKM CBif4aTh IIpo Te, MO 1H(Pa3ByK, SK
PO3MOBCIO/KECHHUI TiTi€HIYHUN YWHHHUK, 3aJICKHO Bif
4acTOTH 1 PIiBHS 3BYKOBOTO THCKY YHMHHTH BIUIMB Ha
(YHKLIOHAIBHUI CTaH OpraHi3My, HECIPHUATIMBO Ail0YH

Ha HEpPBOBY, CEpLEBO-CYIMHHY CHCTeMH, (YHKIiIO
IUXaHHA, CTaH CIIyXOBOTO Ta  BECTUOYJSAPHOTO
aHaJIi3aTopiB.

Omxe, iHQpa3ByK SK NpopeciiHUi YMHHUK MOXKE
HECTIPUSATIIMBO BIUIMBATH HA OPraHi3M JIIOJMHU 1 YHHUTH
cneuudiuHy Aif0 Ha opraH ciyxy. [IlpuumHOI0O TaKoi
OionoriuHoi nii iH(pa3ByKy € Te, 110 BiH CIPUHMAETHCS
HE TUIBKU CIYXOBHM aHali3aTOPOM, a BCIEIO MOBEPXHEIO
Tia JIIONMHM, TOMY BHBUYEGHHS MHOTrO BJIACTHBOCTEU
3aJIMIIAETHCS aKTYaIbHOIO 3a1a4elO0.

Il. MATEPIAJI I PE3YJILTATU
JIOCIIDKEHD.

Juis Toro, mo0 BHU3HAUUTH BIUIMB iH(Pa3ByKy Ha
KIITHHY, HeoOXimHo 3’scyBatu ii OymoBy (puc.l). ¥V
€yKapioTUYHOI KIIITHHU MeMOpaHM pO3TalllOBaHI SK Ha
MOBEPXHI KIITHHHU, TaK 1 BCepeAMHI Hel, YTBOPIOHOYH
MeMmOpaHHi opraHenu. Jlo ckiamy MeMOpaH BXO[SITh
mimigy, Oimkw 1 BymieBomu. Jlimigm  memOpaHu
npe/cTaBieHi B OCHOBHOMY ocdominimamu (6au3bK0
75%) 1 xomectepuHoM (6mm3bko 20%), TOmI SIK
TIIKOMIMIIM YTBOPIOIOTh MIHOPHY (pakiito. Binmbiricts
OinkiB MeMOpaH BIJHOCHTBCA 1O CKJIATHUX OLIKIB,
HalpuKian, TJIIKOTIPOTEIHY. Byrnesoau HE
3yCTpiYaroThcss B MeMOpaHi y BUIBHOMY CTaHi: BOHH
BXOIATh B CKJIAL CKIAQIHUX OUIKIB 1 JHIgIB -
TJTIKOJTIITITOB 1 TITIKOMPOTETHIB.

Pucyrok 1 — bBymoBa meMOpaHH eyKapiOTHYHOI
KmituHu: 1 - mimigani 6imap; 2 — iHTerpanbHui 0110K; 3
— mepedepiitnuit 6inok; 4 BYTTIEBOJHHN 3aJIUIIOK
TIIIKOTIPOTEiHA.
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OueBumHUM € TOH (hakT, IO TOBIIMHA MEMOpaHU cos(h.z, ) = 1
rpa€ SKII0 He HAUTOJIOBHINTY POJIb, TO OAHY i3 TOJIOBHHUX. B 2 2
3araspHa TOBIIMHA MeMOpaH >XHWBHUX OpraHi3MIiB Mae 1+ ow + ow
miamas3oH Bix 5 mo 10 HM [2]. A BiAMOBIAHO pe3oHAHCHA 2 oy,
4acToTa IS pIi3HUX KITHH Oyzae pisHa. KiritnHHA [Ipum Manux nedopmariisx MeMOpanu, OyIeMo MaTh
MeMOpaHa Ma€ JIOCHTh CKIamHy OyaoBy, ii MOXHa HACTYIHI PiBHAHHSL:
mo0aunT B EJIEKTPOHHHH Mikpockor. [pybo kaxyuw, ow
BOHA CKJIAJIAETHCA 3 MOABIMHOrO mapy JiMmiiiB (KUpiB), B cos(h,x, )= A
SIKM{ B PI3HUX MICISX BKJIFOUEHI pi3HI menTuu (OiIkm). ow
3aranpHuil IulaH  OyJOBM KJIITHHHOI MeMOpaHM cos(h,y, )=——,
YHIBEPCAIBHUH JJIs1 BCBOTO JKMBOro cBiTy. OpHak 1
MeMOpaHH TBapUH MICTSTh BKJIIOYEHHS XOJIECTEpPHHY, cos(h,z,)=1.
AKUI BU3HA4ae Ii KOPCTKICTh. BigMiHHiICTH MeMOpaH [pumycTiMo, 110 HATIPYKCHHSI

pI3HMX LAPCTB OpPraHi3MiB B OCHOBHOMY CTOCYETHCS
HaaMeMOpaHHUX yTBOpeHb (mapiB). Tak y pocinuH i
rpubiB  Hajg MemOpaHoro (i3 3OBHINIHBOTO OOKY)
3HAXOJMTHCA KJIITHHHA CTiHKAa. Y POCIMH BOHA
CKJIQIAEThCS NIEPEBAXKHO 3 LIENIONIO3H, a y IpubiB - 3

Ty T MaroTh piBHOMIpHO

Ux'ay’az’r xy ! “xz

Xy’
pPO3MOAUIATHCS 10  TOBINUMHI ~ MeMmOpaHu.  SIKino
KOMIIOHCHTH HAmpy>XeHHS OyIyTh Maji, OTPHMA€EMO
HACTYITHE PiBHSIHHS:

PEYOBHHM XiTUHY. Y TBapuH HaJIMEMOpaHHHH Iap o =0 = g ,
: . . . X y
Ha3UBAEThCS  INIIKOKANIKCOM. [lo-1HIIOMY — KJIITHHHA d
MeMOpaHa HA3WBAETHCS IMTOILIA3MATHYHOI MEMOPaHOIO ne d — ToBuMHA MEMOpaHH.
a00 MmIa3MaTHYHOI MEMOPAHOIO. SIKI10 ManmuMU BETMYMHAMH 3HEXTYBATH, OTPUMAEMO:
S ow
G G P ——_— o, cos(h,x, ) +7,, cos(h,y, )+, cos(h,zl)z—aa—ﬂ-XZ =0
p GOKOB Wi NAHLIOWOK Xy
I’mn7ninln Ay s Dol 2 ~,

7, cos(h,x )+o, cos(h,y, )+, cos(h,zl):—§@+ryZ =0
1

180~

> 7., cos(h,x, )+ 7, cos(h,y,)+o,cos(h,z )=0,=0,
Waposuau
6inok — TaKUM YMHOM OCTATOYHO OTPUMAEMO:
@oconinia rinpoobumin Xonectepuu S ow S ow
cerMenT T =T A 0ty T L 00, =
cnipansHoro 6i nka d aX1 d 8y1

PucyHok 2 — bynioBa MeMOpaH# eyKapioTH4HOT
KJIITHHY 3 T1IBUIIEHOIO CUJIOI0 HATATY Ta LIIJIbHICTIO
MeMOpaHH 3a PaXYHOK XOJICCTEPUHY

SIKIIO MIJCTaBUTH PIBHSHHS, SIKI HaBeJEHI BUILE Yy
TpEeTE PIBHSHHS PIBHOBATH:
2 2 2 2
o’r, 01, 0o o°w
. . . . . + + _p 2
Po3risiHeMO MeXaHiYHI BJIACTHBOCTI €YyKapiOTHYHOI ox, oy, 0 ot

KITHHA. Y KIITAHA J1F000I TKAaHHHU € BJIaCHA 4acToTa
konuBanb. Komu iH(pa3Byk BIANOBIAHOI YacTOTH

Z

oTpuMaeMo  JauQepeHliiiHe  pIBHSHHA  pyXy

. . MeMOpaHu:
BIUIMBAE HAa MEMOpaHy KJIITHHU, MOXIIMBE Take (i3nuHe ) ) )
ABUIIe SK pe3oHaHc. OTke, HEOOXiZHO BH3HAYHTH S(ow +8_W _ ow
mudepeHiiiiHe  pIBHSHHS ~ KOJIMBaHb  MeMOpaHH. dlox?® oy’ ot?’
3MileHHs] TOYKHM MeMOpaHd 3 MOJOXKEHHS pPiBHOBaru me p - waca omuHMmI  06’eMy MeMOpaHm.

3a3HaYMMO 4epe3 U, v, w. Uepes n Mo3HauuMo HarpsaMoK

HOpMaJi JI0 IOBEpPXHI MeMOpaHH B JaHWI MOMEHT Yacy. Binosinmo 4= pd.

IIpn Takux MO3HAYEHHSAX HANPABIIAIOYl KOCHHYCH MalOTh PiBHSHHS MacH Ha OJIMHUIIIO IIOBEPXHI IPECTABICHO
HACTYTIHUH BUTJIA HIDKYE!
PO3IIAaI0ThC  MEXaHiuHi BIACTHBOCTI MeMOpaHH , S S dw o*w

=—=—, —+t— =AW,
uoopd o ox" oy
Otpumaemo mudepeHIiitHe piBHAHHS Y BUTIIAIL:

KIITUHU MikpoopraHizmy. Edekr pe3oHancy memOpanu ¢

KJIITHHY BHHUKAE€ BHACIIJOK CIIBHAJAHHS BIIACHUX
KOJIMBAaHb 3 BUMYIICHUMH. 3MIIIEHHS TOYKH MeMOpaHu 3

MIOJIOXKEHHSI PIBHOBarM BH3HAYAIOTHCS  HACTYHUMHU C2AW = 52_W
mapamerpamu U, V, W. BusHaunmo HampsiMmok Hopmaii h ot
O TOBEpXHI MeMOpaHW B JEAKHH MOMEHT dacy. OdueBHgHO, MO  TOBIIMHA  MEMOpaHH  Tpae
Hamnpasnsitodi KOCHHYCH MalOTh HACTYITHUN BUTJISA: HallTOJIOBHINIY pOJb y BH3HAYEHHI PE30HAHCHHUX

BJIACTUBOCTEH KIITHHH MikpoopraHiaMy. ToBmimHa
MeMOpaH KWBHUX OpTaHi3MiB Ma€ HACTYITHHH MHialla30H:
oW Binm 5 no 10 M. PezonancHa wactora Oyzne pisHa i

cos(h,y, ) =—cos(h,z, )E ' PI3HUX KITITHH.
Po3ristHeMo MaTeMaTHYHY MOZENb AESKOI MeMOpaHH,
sKa Ma€ NPSIMOKYTHY (opMy. SIKIII0 BBECTH €KBiBAJIEHTHI

cos(h,x,)=—cos(h,z, )% ,
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KOHTAKTHI CHJIH i JOOABUTH PE30HAHCHY HATPYKEHICTH 3
PIBHSIHHSIM BITBHUX KOJMBaHb (pHC. 3), OTPUMAEMO:
Ri(x,y,t)= (H'Ax +H-Ay) Ry (1),
Ra (X1, y1,t2) = (8x — 8x2)(8y — dy2)' Rz (1),

Pucynoxk 3 — CrporieHa MOzeib KIIITHHHOT
MeMOpaHH y TPUBUMIpPHIN AEKapTOBiil cUCTEMI
KOOPAWHAT 3 MEXaHIYHUM HaBaHTaKCHHSM

SIkuio nepeMIIIeHHS Mac JIOPIBHIOIOTH
nepeMillieHHsIM TOY0K MeMOpaHu. Tozi mpHUITyCTHMO, 10
nepeminieHHst Ax, Ay MaioTh Malle 3Ha4YeHHS B

nopiBHsHHI 3 | 1 m.

XMl(t) =dx (X1, Y1, t) , Xm2 (t) =dx (Xz, Y2 ,t).

PosrnssHeMo — mapameTpu4Hy — Mojenb  Biacosa-
Jleontnena [5]:
2E, V2 X (%, Y1t |
R (X, Yt )=—2 . 32 XY .([ zdz +
. H 2
+ Eo X (Xllgl'tl)‘.-l/IZZdZ~+mf a X (Xlz’yl'tl)’
4(1+ %) at
E H
t 2dz, k, =——2— | y’zdz
. SZI(W) 4(1+9§)£V/

ne tr 1 ki — xoedimienTH, M0 XapaKTepu3yTh podOTy
MeMOpaHu Ha CTUCK 1 3pymieHHs, Eo, vo — Moaynb
npyxHocTi Ta koedimient I[lyacconma. Maca mpykHBOT
OCHOBH Ma€ BUIJISI:

H
[ pOIWZZdZ ’
0

JIe po — LIUTBHICTh MaTepiany KJIITHHHOT MEMOpaHH.
3aTyxaHHS KOJMBaHHS B TMTMOWHI MeMOpaHH KIIITHHA
BiIOYBa€THCS 32 HACTYITHIUM 3aKOHOM:

(@) sinf (7 (H -z))
l// Z)= . ./ .\
sinf (yH)

Je Y — koe(illieHT 3racaHHs KoiuBaHb MeMOpanu; H
— TOBIIMHA MEMOpaHH.

Hdudepenmianeae  piBHIHHS ~ KOJHMBAaHHSA  IIpU
PE30HAHCI CUCTEMH «MeMOpaHa-BHYTPIIIHE CEePEIOBHIIC
KJIITHHU» MOJKe OyTH 3aIMCaHO Y HACTYIIHUM YHHOM:

ou

1
6t2 +;(R0(X1ry1't1)+R1

[T, 0u
% 8y1

JudepeHnianpHe pIiBHSHHS TPEJICTaBUMO Yy
BUTJISII TTOJIBIFTHOTO PSY dDyp'e'

(Xl!yl!t1)+Rz(X1vy17t1)_p'G(X1vy17t1))=

nzy,

X1!Y11t1) Zzukn t) Sm .nl_

k=1 n=1
Tlicns Hl}:[CTaHOBKI/I B plBHHHHH, SAKEC IIPUBCIACHO

BUIIIC, OTPUMAEMO:
Con | ¢
;:, ]'IRz(T)X

sy

k=1 n=1
t
xsin(ﬂkn (t—f))dt+[i3:'"j. kzx, . nry,

(X.¥0t)

|

[G (r)-sin(4, (t-r))dt sin == -sin ==,

0

Jc

Clk n

:% cos@—cosM cos@_cosw ‘
(p+m, Jknz I | m 0

Cyp = 4 sin kzX, sin Y2
" (p+m,)Im [

Cyn=— 4 sin k7 X, sin %Ys |
" (p+my)Im m

k? n’
[ﬁz'(th +azp)-(l—2+Wj+ka/(p+mf ).

0’@ M HACTOTA MEMBPAHMA K. 1=l!=f— =

BBEQTL TOBWMHY KNITUHHOT MEMEPAHW

2.2

HH 2
BBEQMb CHAY HATAMY NOBEXHI MEMEPAHK

e Himz ‘

BBE/ITE BENMHMHYE LWNEHOCTI MEMEPAHIA

1 w2 7

0.B59B0E

PaspaxyHek peSoHAHEHO! HBETOTH

_M10GHA0BA TPARKY

Pucynoxk 4 - HporpaMHe 3a0e3medeHHs Ui
BU3HAYCHHS PE30HAHCHOI YaCTOTH MEMOpPAHHOI KIIiTHHH
MiKpOOPTaHi3My

3anporoHOBaHO TporpaMHe  3a0e3nmedeHHs s
BU3HAYEHHSI PE30HAHCHOI YaCTOTH LMTOILIa3MaTHYHOL
MeMOpaHH MikpoopraHi3miB. [ poOoTH TporpaMHOTO
3a0e3nmedyeHHsT HEOOXigHO BBECTH B poOoYe BIKHO
TporpamMu HACTYIHI rmapaMeTpu: TOBIIUHY
UTOIUTA3MAaTHYHOI MeMOpaHu (HM), CHJIy HATATY
nmoBepxHi MemOpanun (H/M2) Ta mitbHICTE MeMOpaHH
lkr\cm2. Hampukinan, po3paxoBaHa Pe30HAHCHA YacTOTa
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MeMOpaHH BHIAJAKOBOI'O MiKpOOPTaHi3My TOBIIHHOIO 2,2
HM, CHJIa HATATy IIOBEPXHI MEMOpaHH TpH IIbOMY
cxmamae 1 H/M?% ImIiibHICTS MeMOpaHd Mae 1kr\eMm?.
PospaxoBana  pe3oHaHCHa  YacToTa  BHUII4JKOBOTO
Mikpoopranizmy craHoButh 0,86 I'm (puc.4). Bbymo
MIPOBEJICHO JOCIHIPKEHHS! aKyCTHYHHX XapaKTEPUCTHK B
BUIIPOMiHIOBaYl iH()Pa3ByKOBUX KOJIMBAHb THITY PYIIOP.
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Pucynox 5 — IlporpamHue 3a0e3mnedeHHs Jyisi BU3HAUCHHS
JoKepena iH(pa3ByKOBOTO BUIIPOMiHIOBAHHS

3anpornoHOBaHO — MporpaMHe  3a0e3nedyeHHs s
3HAaXO/KEHHS JoKepena iH(pa3ByKOBOTO
BunpoMiHioBaHHst (puc.5). OcCOOJMBICTIO MPOrpaMHOTO
3a0e3neyeHHs] € TPUBUMIPHUI MOJYJb 3 MiHIMaJlbHUMHU
anapaTHUMH BHMOTaMH T4 BIANOBIJHUMH OpraHaMu
KEpYBaHHSI, IIBUKICTh PO3PaxyHKIB (BiJCTaHi MO XOpAi 1
Mo JIy3i B KUJIOMETpax Ta Y BiJHOCHHX OJMHHIISIX MK
JIBOMa TOYKaMH, BU3HAYEHHS ACKaPTOBUX KOOPIHMHAT 32
BimomumMu cdepuunumu). [lporpamue 3abe3nedeHHs
[pallOe HACTYIIHUM YWMHOM: 3@ JIOIIOMOIOIO JIiBOI
KJIaBillll MHIII BCTAHOBIIIOEMO (hiKCOBaHY TOUKy M, 3a
JIOTIOMOTOI0 TIPaBOi KJIABINI BCTAHOBIIOEMO (DiKCOBaHY
Touky M'. VY BIANOBIJHMX BIKHaX BiJOOPAKYIOThCS
JekapToBi koopauHat. [Ipu mepeminneHHi (ikcoBaHHX
TOYOK [0 ITOBEPXHI MOJENI 3eMHOi Kyl JeKapTOoBi
KOOpAWHATH 3MIHIOIOTBCS. 3a JOIOMOTOI0  Koneca
MaHIMmyJsTopa THIY “MHUII” MOXIHMBO 3iHCHIOBATH
301IBIIIEHHS] MOJIEINI 3€MHOI KYJIi.

Bynpb-sika cucremMa Mae BJIacHI  PE30HAaHCHHMH
4acToTaMu. Y CIOKiifHOMY cTaHi, TOOTO, B CTaHi
pIBHOBAaru CHCTEMH, BOHM HifIK HE TPOSBITIOTECS. Ale,
BapTO TUTHKH BHBECTH CHCTEMY 31 CTaHy pIBHOBArw,
HaIpUKJIaJ1, MPOCTO MOPYIIMBIIN BCEPEANHI MPIMIIICHHS
CKJIaIHUM 3BYKOBHMI CUTHAJI, HalpUKJIAd, My3UYHUH, SK
I CHCTeMa Bipa3y K MPOSBUTH CBOI BIAaCHI pe30HAHCHI
4acTOTH. AKYCTHYHHH PE30HAHC — 1€ €PEeKT pPi3Koro
3pOCTaHHS PE3YNBTYIOUYOT aMIUTITYIH 3BYKOBOTO CHTHAITY
mpu HAOMMKEHHI YacTOTH 30yAJIMBOTO CHUTHAIY [0
BJIACHOI YaCTOTH CUCTEMH.

I111. BUCHOBKU

VY poboti 3pobneHuii ormsa BIUMBY iH(pa3BYKy Ha
[UATOIIA3MATHIHY MeMOpaHy. 3arpornoHoBaHO
MaTeMaTH4yHa MOJIENb Ta MPOrpamMHE 3a0e3MeUeHHs Ui
BM3HAYEHHS PE30HAHCHOI YacTOTH LUTOILIa3MATHIHOL

MeMOpaHH JKMBOTO OpraHi3My Il IIpUTHIYCHHS
KUTTEASUTEHOCTI OCTaHHBOTO. [t poOOTH TTPOTpaMHOTO
3a0e3rmeyeHHs] HEOOXiTHO BCHOTO TPH TAPaMETpH:
TOBIIMHA NUTOIUIa3MAaTHYHOI MeMOpaHH, CHJIa HATSTY
MOBEPXHI MEMOpaH! Ta IIUIbHICTE MEMOpaHH.
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AJIrOpUTM Ta IIporpaMHa peasaiis poooTu
KOMIIJICKCY OYHUX M 531B JIFOOUHH

Muxona Memxkos?, JImutpo Kyxapenko®
1. HaBuanbpHO-HayKOBHH iIHCTUTYT €JIEKTPUYHOI iHKeHepil Ta iHpopMaIiifHIX TEXHOIOTIH,
Kpemenuyubkuii HallionanbHuii yHiBepcuTeT iMeni Muxaiina Ocrporpascbkoro, YKPATHA,
Kpemenuyk, Byn. [TepmorpasHeBa, 20. email: dkuch100@gmail.com

Anomauin: llpuctynatoun n0 omneparii, o¢TaabMoIor-
XIpypr po3paxoBYye TiJIbKHM Ha CBili BiracHUA JocBia. Emmipryni
METO/M TYT Majlo eEeKTHBHI 4Yepe3 BENMKY Pi3HOMAHITHICTH 1
CKJIaIHICTH ()OPM KOCOOKOCTI JIFOAWHU. TOMy JUTS IMOJaibIIoro
MABUIIEHHST e(eKTHBHOCTI Xipyprii KOCOOKOCTi, po3poOka
ITOPUTMY Ta TPOTrPAMHOT0 3ac0o0y Ul KOMIUIEKCHOI poOOTH
BCIX OYHHX M’SI3iB JIIOIMHN € aKTyaJbHOIO 3aavelo.

Knrwuosi cnosa: anroputM, TmporpaMHe 3a0e3TCUCHHS,
OKOpYXOBHUI1 anapar.

[. BCTVYII

Meta naHOT POOOTH HOJIATAE y CTBOPEHHI aIrOpuUIMy
Ta MPOrpaMHOro 3aco0y MO3BOJMHUTH YSIBUTH MOXKIIMBI
OPUYMHA Ta MeEXaHi3MH PO3BUTKY MEBHHX (opM

KOCOOKOCTi, a TakoX TpPOTHO3YBaTH pe3yJIbTaTH
XIpypriyHuX BTpyYaHb Ha OKOPYXOBHX  M’s3ax.
Kopuctyrouncs KOMII FOTEPHOIO0 CHCTEMOIO

nepenonepamiiHoro IUIaHyBaHHS XipypridHoi KOpeKIil
OKOPYXOBOTO amapary, O(TalbMOJIOr-Xipypr 3MoKe
BUOpATH ONTHUMAIBHY TAKTUKY Xipyprid4HOrO JIKYBaHHS 1
J03yBaHHS OIEPAaTHBHHUX BTPYyYaHb U1 KOHKPETHOTO
XBOPOTO.

II. MATEPIAJI I PE3YJIbTATU
JIOCIIKEHD

Anroputv  pobotu  KoMmm'fotepHOi cuctemu  [1]
CKIAQNAEThCA 3 HACTYNHHX CKJIAQIOBHX: alTOPHTMY
TPUBUMIPHOI MOJIENi OKOPYXOBOTO amapary, alropuTMy
poboTH 0a3u JNaHWX TMAIi€HTIB, AITOPUTMY IOOYIOBU
BEKTOPIB CHJI TSTW BIANOBIIHUX M'SI3iB Ta aJrOPUTMY
3IIHCHEHHS TTOMEePeIHIX PO3PAXYHKIB.

TpuBHMipHA MOJIETH OKOPYXOBOTO arapaTy BKIIOYAE B
cebe HacTynHi nporenypu (puc.l).

Annyxiis - mpuBeJieHHs (OKO TOBEPTAEThCS 0 HOCA).
Ii BuKoHye MeianpHuit mpAMuii M's3 .

AOnykIis - BiaBeOeHHS (OKO IOBEPTAETHCS B CTOPOHY
ckpomi). Ii BUKOHye maTepanbHuit MpAMuiL M's3.

Cynpagykiiisi - TZHATTS OKa BBepX. BHUKOHYyeThCS
BEPXHIM IPSMHUM M'S30M.

IHdpanykiis - omycKkaHHS OKa BHU3. BHKOHYETHCS
HIDKHIM IPSIMAM M'S30M.

[HIIKTOMY KIS - pyX OKa B Y-TUIONIWHI, KOJIH HOTO
BEpXHsS OKPY>KHICTh BHACTIIOK 0OEpPTAaHHS MPHUBOIUTHCS
110 HOoca. BUKOHY€ pyX BepXHil KOCHH M's3.

Excriukinonykiiss - TPOTHIICKHO — IHIIUKIOMYKII.
BepxHsi OKpYXHICTH BiIBOAMTHCS IO CKpOHI. BukoHye
PYX HIDKHIA KOCHA M'SI3.

Komn'rotepHa cHcTeMa MOXKE IIPAlfoBaTH B IBOX
peXrUMax: MepImi pekuM - podoTa B peaslbHOMY daci,
BU3HAYCHHS BCIX TapaMeTpiB, HEOOXiTHWX Ui
MepeoNepalifHoro IUIaHyBaHHS Ta JPYTUA DPEKHM -
MIPOTIOHYBAHHSI METOJIB XIPYpridHOi KOPEKIil, TaKoX

MOXJIBE 30epexeHHs iHpopMalii npo marieHTa B 0asi
manux. Ha puc. 1 HaBeJeHO aJITOpPUTM POOOTH
TPUBHMIPHOI MOJICIIi OKOPYXOBOTO arapary.

Tlomarex
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Pucynok 1 — Anroput™ poOOTH TPHUBUMIPHOI Mojei
OKOPYXOBOTO arapary

Ha pucyHky 2 HaBeIeHO aIrOpPUTM 3/1HCHEHHS
MOTEPe/IHIX PO3PaxyHKIB, sKI HEOOXimHi uisi poOoTH

odprampmo-xipypra. Ha pucynky 3  300pakeHHiA
aNropuT™M ~ poOOTH  MOAYJIS  TepeAonepaniiHOro
TUIAaHYBaHHSI.

IIpakTruna  peamizamissi Ta  eKcIepeMEHTANbHI

JIOCJTI/DKEHHST pOOOTH KOMIUIEKCY OYHUX M SI31B JIFOJIMHHU.
Ipuxmag Nel. V mamieHTa 3 miaMeTpoM OYHOTO SOTyKa
20mMm  (pamiyc — 10mMMm) TmaHyeThes  periecis
BHYTPIIIHEOTO TIPSAMOTO M’si3a. ,,TabmnyHa” BeaMumHA
petiecii s meBiamii y JaHOTO MAIli€HTa CTAHOBUTH OMM.
IIpore, TabmmuHi pmaHi poO3paxoBaHI Ha CEpeIHIO
BEIIMYMHY OYHOTO sA01yKa — (pamiyc — 12mm). HeobximHo
BU3HAYNTH, SKa BEIMYMHA perecii MokazaHa MAaIli€HTy,
BpPaxoBYIOUH po3Mipu #oro ouHoro sOmyka. [licms
3alyCKy IpOrpaMHOro 3abesledeHHs, 3a JIOIOMOTIOI0
miBoi  KiaBimI — MaHINyIsATOpa  TUOMY  “MUmA”,
BCTaHOBIIOETHCS Ha MOBEPXHIO MOJENI OYHOTO SOIyKa
Touky M, sika Mae KoopauHATH aoBrora 270°, mmpota
35,8°. Ile cepeanHa TPUKPIIIEHHS BHYTPIIIHHOTO

M&MS 2024, 25-26 October, Kharkiv, Ukraine



MpAMOTO M’si3a. BiAmmykaTw It0 TOYKY JIETKO, OCKiIBKH
30Ha WPUKPITUICHHS BHYTPIMIHBOTO TIPSIMOTO M s3a
300pakeHa Ha ITOBEPXHI MOJICNI i MO3HAYCHA JIiTCpaMH
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PucyHok 2 — Anroputm 311ifICHEHHS TOTEePEIHIX
PO3paxyHKiB

VY BikHO (37 BBOIUTBCS Pajilyc OYHOTO siOiyKa — 12MM.
Tenep Tpeba BH3HAYNTH KOOPAWMHATH TMPHKPITLICHHS
CepeIMHA BHYTPILIHBOTO MPSMOr0 M’s3a Micis perecii
BEJIMYNHOIO y OMM. OCKUIBKM JIOBFOTa MPU IBOMY
3aJIMIINATHCS HE3MIHHOIO, 32 JIOMIOMOTOI0 TPaBol KJaBIII
Mulll, Ha mepuziani 270° BcraHoBmoemo Touky M'. He
BIITyCKAIOUM MpaBy KIABINITy MEPEMIMIyeThCs Touka M’
mo Mmepupiany 270° mo THX Mip, TTOKH y JOJATKOBOMY
BikHi (34) — BiAcTaHP MDK TOYKAMH IO XOpAi, HE
3’sBuThest mmppa 6. [lpu 1mpomy y BikHax (13, 14)
MaTHMeMO 3HadeHHs: noBrora 270°, mmpota 6,9°. Ilicis
LOTO HEOOXIJTHO OHOBHTH po0OOYE BIKHO MPOrPaMHOTO
3abe3neuenHs. [lani HeoOXigHO HiATH, SIK OyJIO OMHCAaHO
Bumre. BeranoBmoemo Touky M Ha Te k came micue. Y
BikHO (37) BBOOMTBCS pafiyc odHOTrOo siOmyka — 10Mm.
Touky M’ mepexo[uTh B TOYKY Ha IOBEPXHI MOJENi
0YHOTO S0TyKa 3 KoopAwHaTamMu 1oBrora 270°, mmpoTta
6,9°. V Bixai (34) — BigCcTaHP MK TOYKaMH I10 XOPA,
3’IBUTHCS BiACTaHb HeoOXimHOI perecii. Llg Bimctanp
cTaHoBHTh 5,0MM. TakuM YHMHOM, MOJKIMBE BHECEHHS
HEOOXiTHMX IMOMPaBOK HA PO3MIp OYHOTO SOTyKa, MpH
JIO3yBaHHI OIEpPATUBHUX BTPYYaHb HA OKOPYXOBHX
M’s13aX.
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Pucynok 3 - Anroput™ poGoTH MOIyIIs
HepeonepaliiHoro MiaHyBaHHS
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Pucynok 4 — Po6ode BiKHO KOMII FOTEPHOI CHCTEMH ISt
TepeIonepaniifHoro IaHyBaHHS XipyprigHOi KOpeKIii
KOCOOKOCTI

Ipuxmag Ne2. Ilpu BUKOHaHHI omeparliii Ha HHKHbOMY
KOCOMY M S30BI Hampukiax i#oro permecii abo
AHTEpOIO3MIlii, HEOOXiAHO  BHU3HAYUTH  BEIHYHHY
3aIJTaHOBAHOTO TIEPEMIIIEHHS [IHOTO M 5332 Ha TOBEPXHI
ouHoro sOmyka. 3BHYalHO TaKe BHMIpPIOBAaHHS Ha
TIOBEPXHI OYHOTO S0JyKa 3MIHCHIOETHECS 32 JAOIIOMOTOIO
LOUPKYJIA-BUMIpIOBaYa, M0 BXOAWTH 1O CTaHIAPTHOTO
Habopy IHCTPYMEHTIB. [Ipote uepe3 ocoOIUBOCTI
Tororpacgii NPUKPITUIEHHS HUKHBOTO KOCOTO M’s3a 10
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MOBEpPXHI OYHOrOo s0NyKa, B HOro 3ajaHid MiBKYyIi,
BUBECTH B OINEpalliiiHe MOoJe 30HY MPUKPIIUICHHS IBOTO
M’s3a 1 BIATIOBIIHO BUMIpPSATH HEOOXiJHY BiACTaHb 3a
JOMIOMOTOK  LIUPKYJS-BUMIpIOBaYa  HE  BIAEThCH,
0cO0JIMBO IIpU  33/JIHBOMY BapiaHTi TMPHUKPITUICHHS
HIDKHBOTO Kocoro M’s3a. Il{o6 3pmificHUTH — Take
BUMIpIOBaHHA  0e€3MOocepesiHbO, 4YacTo  JIOBOJAUTHCS
3aCTOCOBYBATH BiJTHHAHHS 30BHIIIHBOTO MPSMOTO M’s3a
BiJl MiCIIsl HOTO MPUKPIIUIEHHS (10 MOXKJIMBO ajie BKpan
HeOa)KaHO) 1 3IIMCHIOBATH CYNMEPaIAyKI[iI0 OYHOTO
si0JTyKa, IO 3arpoXkye pI3HHUMHU YCKJIQJAHEHHSIMH 4Yepe3
MOJKJIMBICTH TPaBMYBaHHS 30pOBOTI'0 HEPBA Ta CyJIHH, 0e3
rapaHTii BHBEJCHHS HIDKHBOTO KOCOTO B oOIeparliiiHe
mone. ToMy  MOXIMBO  BHKOPUCTATH  HENpsiMe
BUMIpDIOBaHHS  pereciii  abo  aHTeponosuIii  3a
JIOTIOMOTOI0  3aITPOMIOHOBAHOT KOMIT IOTEPHOI CHCTEMHU.
Take BUMipIOBaHHSI 3[IHCHIOETHCS HACTYITHUM YHHOM: Ha
MOJIEJIl OYHOTO S0JyKa BUKOPUCTOBYIOTh TOUKH M 1 M.
Touky M BHUCTaBJISIEMO B MiCIli PUKPITUICHHS HIDKHBOTO
KOCOro M’si3a, a TOYKY M’ BHBOAMMO B MiCIle KyIU
TUTAHY€EMO TIepecaguTy HKHIA kocui M’s3. [Ipu upomy
BIICTAHb TEPEMIIICHHS BU3HAYAETHCI MO XOPIi Yy
BiZmoBinHOMY BikHi. Konm Touka mepecaiku BU3HauYeHa
Ha Mojeni (3a gonomororo To4ok M i M”) mocnizoBHO
BUMIPIOETHCSI BIICTaHb 11O XOPAI BiJl JIETKOJOCTYITHHX B
OnepaliifHOMy TIOJli OpPIEHTHUPIB, SIKUMH CIYTYIOTh
HIDKHIH Kpall TpPUKPIIUIEHHS 30BHIIIHBOTO MPSIMOTO
M’s3a 1 JarepaibHUU Kpail HIDKHBOTO TPSIMOTO M’s3a.
TakuM YMHOM BHM3HAYMBINK 34 JOINOMOIOK MOZEl
BIJICTaHb MO XOpAiI J0 LUX OPIEHTHUPIB CTaHIAPTHUM
LUPKYyJIeM BHMIpIOBauYeM B OINEpallifHOMy TOJi Ha
MOBEPXHI OKa MAaI[ieHTa JIETKO MOXHa 3HAMTH TOYKY 10
skoi Oyne ¢ikcoBaHuil nepecapKyBaHMH KOCHH M’s3.
TobGro koMmI’roTepHa CHCTeMa IepeAonepariiiHoro
IUIAHYBaHHS XIPypriuHOl KOPEKLii J03BOJSE TOYHO
JI03yBaTH ollepallii Ha HUKHBOMY KOCOMY M’s30Bi 0e3
PHU3MKY BUHHMKHEHHS YCKJIAIHEHb, 3HAYHO CKOpOYYyeE 3a
paxyHOK 3py4YHOCTI BHMIPIOBaHb dYac oOmeparii i
nepeOyBaHHS MAIli€HTA I1i]] HAPKO30M.

[pukian Ne3. HeoOXimHO BU3HAYUTH SIK 3MIHIOETHCS
BepTuKaibHa Jis kocoro M’s3a MOS. Ilpu BukoHaHHI
orepaniii Ha OKOPYXOBUX M’S3aX, I CTaHOBJICHHS
OYHOrO 5I0JyKa B MEPBHHHY IO3MIIiI0, HEOOXiTHO BMITH
BU3HAYAaTH MOMEHTH CHJI LIUX OKOPYXOBUX M’si3iB. J{ms
3pY4YHOCTI KOMIT'FOTEpHA CHCTEMa IIPAIIOE B PEKHUMI
peaybHOro Yacy i BU3HAUCHHSI MOMEHTY CHIIM JIOBLIBHOTO
M’sI3y MOKIIMBO B JIFOOIM TOUIIl MTOBEPXHI MOZAEI OYHOTO
s0myka. s BU3HAYEHHS MOMEHTY CHJIM Kpar KOCOTO
M’si3a MOS HEoOXiZHO, BUKOPHUCTOBYIOUH MaHIITYJISTOP
TUITy “MUIIa”, BCTAHOBHUTH JIIBOIO KJIABIMIEIO TOUKY M Ha
MTOBEPXHI MOJENi OYHOro s0myka. Y BikHiI 2 (puc.5.7)
BCTAaHOBUTH TMo3Hauky “Touka M”, 1 BuOpaTH THII
HeoOXimHOTO M’si3a, B JgaHoMy Bumanky 1e MOS.
ABTOMATHYHO BiIOYBa€TbCs TMOOYZOBAa BEKTOpA CHIH
Taru B Toumi M. Y BikHI | poO3paxoBYOTBCS TPOEKIIii
IOTO MOMEHTY CHJIM BiTHOCHO KOXKHOi OCi JIE€KapTOBOI
cucteMrd KoopmwHAatT. JIiBOIO KiaBilIel0 MaHIMyIsSTOpa
BCTAHOBIIOEMO TOYKy M’ Ha Tii caMiif IOBroTi, mo i
touka M. IIOBiTBHO 3MIHIOEMO WIMPOTY B MEHIITY
CTOPOHY IO MICISl MOXJIMBOTO TEPECa/KCHHS M’ s3a
MOS. BusnauaeMo MOMEHT cuim TOYkH M’ (BikHO 4).
[Ipoeknis MomeHTy cuian Toukn M BigHOCHO oci OY
ckmamae 0.1812, a touku M” 0.5635 (BikHO 3). Bing Toukm
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M mo Toukm M’ BeprukampHa Jis M's3a MOS
30UtbIIyeThCS. TakuM YMHOM MOKHA CYJUTH TIPO 3MIHY
BepTHKaIbHOI 1ii M’ s13a MOS.
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Pucynok 5— Bu3HaueHHS MOMEHTIB CHJI KOCOTO M’si3a
MOS y Toukax M i M.

[Mpuknay Ne4. Xsopuit M. 5 poki, miarHo3 V-
CUHJIPOM. [lepenonepaniiiHe  MJIaHyBaHHS  Mae
HacTynmHuW BUTIsA. J{i1st poOOTH KOMII'IOTEpHOT CHCTEMHU
HEoOXiTHO MaTH HACTyNHI JaHi A8 poOOTH: KyT
BIJIXWJICHHS Bl IEPBUHHOI MO3MIIT (KYT KOCOOKOCTI) Ta
pamiyc oka. MeromoM mpu3MeHHOi cTpabomerpii
BU3HAUEHO KyT KocookocTi — 10° (mpw mornmsai yHuM3,
BIAXMJIEHHS A0 HOCY), YJIBTPa3ByKOBUM JAOCIiIKEHHAM
BU3HAUCHO PaJilyC O4YHOro 0yka — 12MM.

[Ticns 3amycky KOMIT'IOTEPHOI CHCTEMH 3’SIBISETHCS
poboue BIKHO 3 300pakeHHSM MOJENI OYHOTo s0JyKa i3
HAHECEHOI0 Ha HOro NMOBEPXHIO KOOPAMHATHOIO CITKOIO
chepruHOi CHCTEeMH KOOpAMHAT 3 KPOKOM 5 Tpaj. Ta
OCSIMH TPUBHUMIPHOI JIEKAPTOBOI MPSIMOKYTHOI CHCTEMH
koopauHaT. Ha moBepxHi Mozemi 300paeH0 TaKoXK
OCHOBHI ~ aHATOMIYHI JieTami: 30HH I[PUKPITUICHHS
OKOPYXOBUX M’SI31B Ta MEXi pOriBKU. Y BIKHO 2
HEOOXIIHO BBECTH PajiiyC OKa B MiJIMETpax, B JIAHOMY
BUIIAJIKY 12. Jlami HeoOXimHO 3afiTH B MEHIO
“Ilepenonepariiiie ranyBanas” — 1. Y HOBOMY BiKHI
(puc.5.8) HEOOXiHO BBECTH KyT KOCOOKOCTI B rpajaycax,
B AaHoMmy Bumnajaky — 10 (Bikuo 3). B mento “OuikyBana
rinepdyHkiis M’s13a” obupaerbes thn M’s3a — MOS Ta
“OuikyBaHMil BapiaHT XIPypriyHOTO BTpYYaHHs
peuecis. SIKmo KopucTyBad He BHOEpe THUI M 533, TO
KOMII'FOTEpHAa CHCTeMa 3pOOHTH IIeé aBTOMATHYHO, B
3aJIC)KHOCTI BiJl KyTa BIOXWJIECHHS BiIHOCHO JEKAapTOBOI
oci (0OX,0Y,0Z). fxmo xopucTyBad HE MOXe BHOpaTh
T  Omepallii, KOMII'IOTepHa CcHCTeMa o0upae B
3aJIC)KHOCTI BiJ BENHMYMHH KyTa neBiamii. ToOto mpm
MaJX KyTax KOCOOKOCTI THII OIeparlii, SK MPaBHIO —
pe3ekuisa. A Tpu BeIMKHX BIOMOBiOHO — perecis. Jami
HeoOXiTHO HATHCHYTH KHOIKY ‘“‘BukoHaTH mnanyBaHHS
(kmomka 9). VYV BikHI 8 BimoOpazUTBCS pe3yabTAT
TUTAHYBaHHS 6MM. TobT0 pe3yabTar
MepeIoNepaIiiifHoro IUIaHyBaHHA V — CHHIPOMY 3
BimxmwieHHsM B 10 rpam. — me pesekuis MOS 6mw.
Kuonkoro 10 MoXHa 3akpUTH IIepelrorepariiie
IUTaHYBaHHSA. B TOJNOBHOMY BiKHI MOXXHAa HAOYHO
no0ayuTd  mpolec  IUIaHYBaHHS 3 JACTAIBHHM
pO3paxyHKOM MOMEHTIB Ccwi. MDK TOYKaMH, SKi
3HAXOJATHCS Ha IIOBEPXHI MOJENI OYHOro sOiyka 3
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aHaTOMIYHUMHU yTBOpeHHsMH MOS, BifCTaHb CTAaHOBHUTH
6MM.

Komn’rorepHa cucrema MpONOHY€E ONTHMaIbHUI
BapiaHT PINICHHS MOCTABICHOI 3a1adi. SIKIO BiIXUICHHS
BiJT IEpBUHHOT MO3HUIIiT (KYT KOCOOKOCTI) BiTHOCHO OJTHI€T
oCi JIeKapTOBOi CHCTEMH KOOPJIMHAT, TO B IIbOMY
BUNAAKY OyayTh 3aisHiI IpsiMi M SI3H, SKIIO BiHOCHO
JBOX ocell, To Tpeba 3amisth kKoci M’s3u.  ToOTo
KOMIT IOTEpHA CUCTEMa aHAaTI3ye BXiJHI JlaHl i IPOIOHYE
BUPILIMTH IIOCTABJICHE 3aBJIaHHS TOYMHAIOYH 3 [TPOCTOTO
METO/y YCYHEHHSI KOCOOKOCTI 1 3aKiHUyIOUH CKJIQJHHUM 3
MIHIMQJIBHUM XipypridyHOro BTPYYaHHS 1 MiHIMaJIbHUM
YacoM 3HaXOJPKEHHS MallieHTa IiJ Hapko3oM. [IranyBaTn
olepaTHBHE BTPYYaHHs BiJjpasy Ha BCIX OKOPYXOBHX
M’s3aX HEMOJKHA, OCKIIBKM IIe HE TUIbKH BaKKO JUIs
xipypra, ajne # MOXJIMBE BWUHHUKHEHHS YCKIQJHEHb Y
namieHTa.  byBaroTh  BUNAJKHM, KOJIM  TPOBOJAUTH
orepaTHBHE BTPYYaHHs Ha KOCHX M’si3aX HEMOXKHa 3a
paxyHOK HMOBIPHOCTI TpaBMYyBaHHsS 30pOBOrO HepBa i
cymuH. Tomy, [03yBaHHS OINEpaTUBHHX BTPydYaHb

MIPOBOJIATH 3a JICKiJIbKa UKJIIB.

Pucynok 6 — I[NepenonepariiiHe mianyBaHHS 3
3aCTOCYBAHHSIM KOMIT IOTEPHOI CUCTEMH, JiarHo3 V-
CHHJPOM.

1. BUCHOBKH

OCHOBHI pe3yJIbTaTH HOJIATAIOTh Y TOMY, 0!
— Ha OCHOBI aHaNi3y ICHYIOUMX MOJeJedl OKOpYXOBOTO
amapatry, METOAIB Ta CHCTeM O(TalbMOJIOTIYHOTO
XIpypridyHOro IUIaHYBaHHS BHUSBJICHO iX HEIOJIKH,
OCHOBHMMH 3 SKMX € BHKOPHUCTAHHS CIPOIICHOTO
MaTEeMaTHYHOTO anapaty, IO He BPaxOBY€ reOMETPUYHI
BJIACTHBOCTI 1 OIOJIOTIYHI MapaMeTpu OYHOTO sIONyKa Ta
BIICYTHICTh aJIeKBATHOTO KOMII IOTEPHOTO IIJIAHyBaHHS

Ta TIPOTHO3YBAaHHS XIPypridHOi KOPEKIii MaToIorii
OKOPYXOBOTO arapary;
- TUTS M1IBUILEHHS JOCTOBIPHOCTI METO/IIB

MIPOTHO3YBAHHS ONEPATUBHHUX BTPY4YaHb HA OKOPYXOBHX
M’si3aX BIOCKOHAJICHO METOJ BH3HAYCHHS KOOPAUHAT
MIPUKPITUIEHb M 5132 JI0 MIOBEPXHI OYHOTO S0IyKa, SKAU 32
paxyHOK BH3HAYCHHS TEOMETPHUYHHX XapPAKTEPUCTHK
OYHOTO SIONMyKa JMO3BOIISIE TIPOBOJUTH KOMIT IOTEpHE
IJIAaHYBaHHA XipypriyHUX BTPYYaHb;

— BJIOCKOHQJIEHO METOJA PO3PaXxyHKy MOMEHTIB CHII
OKOPYXOBHX M’5131B Ha IMIOBEPXHI MOJIENIi OYHOTO SI0ITyKa,
SIKMM  TO3BOJISE TIABHINUTH JOCTOBIPHICT BU3HAUCHHS
Pe3yJIbTYIOYOr0 MOMEHTY CHJIM BChOTO KOMIUICKCY
OYHUX M’ S3IB Ta BH3HAYUTH BiIXWICHHS OYHOTO SOITyKa
Bil TEpBUHHOI MO3UIli. MeTox po3risimae KpirieHHS
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M’si3a JI0 MOBEPXHI OYHOTO sI0IyKa HE SK TOYKY, a SIK
JICSIKY TPOTSDKHICTH. BUXOASUM 3 MOXUOKA aripOKCHUMAITii
(menmre 1%), MPOTSDKHICTH 3 BIATIOBITHUMH JIOBXXHUHOIO
Ta [IUPUHOIO JONUJIBHO PO3NOAUIMTH HA I SITh
MPSIMOKYTHHK JIUISTHOK;

— YJIOCKOHAJICHO METO/]] CTBOPEHHS TPUBUMIPHOI MOEi
OKOPYXOBOTO arapary, SKAH 3a paxyHOK BBEICHHS

TEOMETPUYHUX  BJIACTUBOCTEH OYHOrO  s0Iyka B
odranemonoriyHiil  cepuyHii CUCTEMH KOOpAMHAT,
JIO3BOJISIE  BPAaxOBYBaTH IHAWBIJyalbHY aHATOMIUHY
MIHJIIBICTh npu KOMII'FOTEPHOMY TUIaHyBaHH1
Xipypri4yHUX BTpYy4aHb;

— OoTpuUMaHa perpeciiiHa MoOJeNlb  CTaTUCTHYHOL

3aJIeKHOCTI MK KyTOM BIJIXWJIEHHS OYHOTO sIOJTyKa BilX
MEPBUHHOI TMO3UIT Ta O00CATY PE3EKIll OKOPYXOBOTO
M’s3a € a/JieKBaTHOIO 3a Kpurepisimu CThlOfIeHTa Ta
Oimepa (cepemHss nomuika He nepeBumye 10 %).
[IpoBeneHO AMCKPUMIHAHTHHNA aHANi3 MiX BUXiTHUMU
JTAHUMH IHTEPaKTHBHOTO Ta KOMIT FOTEpPHOTO
TUTaHYBaHHS, 3a pe3yJbTaraMHd SIKOTO  3MEHIIeHi
HMOBIpPHOCTI TIOMMJIOK MTPY  ypaxyBaHHI ILIOIII M’S31B Ta
pe3yapTyI040ro MOMeHTy cuiu Ha 14 % T1a 19 %

BigmoBimHO. lle  TOSICHIOETBCS ~ BpaxyBaHHSIM B
MaTeMaTHYHIA  MOJAeNI  JOJAaTKOBHX  Tomorpado-
AHATOMIYHUX  JaHWX T[PH  BU3HAYCHHI  JUISTHOK

MPUKPITUIEHHS] OKOPYXOBUX M’ SI31B.
BukopucTaHHS 3alpONOHOBAaHOI KOMII FOTEPHOI

CUCTEeMH B  MepeAONepalifHOMy  XipypriuHOMY
TUIaHYBaHHI 32  JaHUMH  TIOTEePEeIHbOI  KIIHIYHOT
anpoOauii  JO3BOJMMJIO  MABUIIUTH  e(EKTUBHICTH

XipypriuHoro BTpy4aHHs Ha 27 %, TaKOXK CKOPOUYYEThCS
yac mepeOyBaHHS MallieHTa MiJl HAPKO30M 32 PaxyHOK

MiZBUIICHHS NIBUAKOCTI Ta HAOYHOCTI OTPUMAaHHs
HEOOXITHMX PO3PaxyHKIB.
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ABTOMAaTH30BaHUU aHAJI3 TOBUILHUX TUJISHOK
(oHOKapaiorpaM B cepeaouiil Labview

Jmutpo Kyxapenxo!, Onekciit IOpko?, Jlennc Tumuenko?
1. HaBuanbHO-HayKOBHH iIHCTUTYT €JIEKTPUYHOI iHKeHepil Ta iHQopMaIiifHIX TEXHOJIOTIH,
KpemenuyubKkuii HallionanbHuii yHiBepcuTeT iMeni Muxaiina Ocrporpacskoro, YKPATHA,
Kpemenuyk, By [TepmorpasHeBa, 20. email: dkuch100@gmail.com

Anomauis: OnHI€IO 3 TOJOBHUX NPHINH BHCOKOI CMEPTHOCTI B
PO3BMHEHHX KpaiHaX € 3aXBOPIOBAHHS CEPIEBO-CYINHHOI CHCTEMH.
3pocTaHHs KIUIBKOCTI JIIOAEH B CepeHhOMY i JITHBOMY BIIl i3
3aXBOPIOBAHHAMH CEpILl — BaXJIMBA Mpo0lieMa B CydacHili OXOpOHi
3nopoB’ss [1]. TlommpeHicTh CeplEBO-CYANHHHX 3aXBOPIOBAHb
MIPOJIOBKYE 3pOCTATH, III0 3yMOBIIOE€ HEOOXITHICTH PO3pPOOKH OLITBIIT
e(eKTHBHUX Cy4YacHHX 3aco0iB IX JIarHOCTHKM Ta JiKyBaHHA. Ha
0coONMBY yBary 3aciyroBye MeTox ¢oHokapaiorpadii B ImiaHi
MIPOCTOTH araparHoi peanizanii, HEIHBa3UBHOCTI Ta O€3MEYHOCTI.

CyuyacHI MeAWYHI JiarHOCTHYHI CHCTEMH JaioTh 3MOTY
3nilficHroBaTH  ompamioBaHHs  (oHokapmiocurHany (PKC) 3
JIOTIOMOT' 00 €JIEKTPOHHO-00YHCITIOBATEHOL TEXHIKH,

HalliBaBTOMaTH4He OOYHCIIEHHS HOTro MOKAa3HHKIB, (OpPMyBaHHI
MOTIEPETHHOr0 MEUYHOTO BHUCHOBKY. OJHaK, IS TECTYBaHHS
METOJiB  OMpAIfOBAHHA, IO JIeKaTb B OCHOBI  MMOOYIOBU
MPOrpaMHOro0  3a0e3MeUeHHsT TaKUX  JHAarHOCTHYHHX  CHCTEM,
OLIIHIOBAHHS JIOCTOBIpHOCTI pe3ynbratiB omnparoBanast OKC mumu
METO/IaMH, HEOOXiJTHO pO3pOOUTH iMiTallifHy MOJIENb TaKoro Kiiacy
OiocurHainis, ska O BpaxoByBaja y CBOiH CTPYKTYpi OCHOBHI
napaMeTpy MEIHYHOI HOPMH Ta MAaTojorii crany cepis. Tomy
PO3poOKa MOJIEJIi € aKTyaJIbHOIO 3a1a4elo.

Meroto pobotu € po3pobieHHs iMiTauiitnoi monxeni OKC, ska 6
JaBaja MOXIIMBICTb 3a0€3MEYMTH MapaMeTPUYHy iJeHTHU]IKaLiro
METO/Iy ONPALFOBaHHS 3 JOCTOBIPHUM BiJITBOPEHHSAM JIaHHX.

Kniwouosi cnosa: ¢oHokapaiocurnan, cepenosumie Labview,
iMiTaLiifHa MOZIeNb, CEPLIEBO-CYIUHHI 3aXBOPIOBAHHSI.

I. BCTVYII

Merta nmaHoi poOOTH moOJsIra€ B yJOCKOHAJICHHI METOJIB
00poOKM aKyCTHYHOTO KapJiOCHTHATy 3 BHKOPUCTAHHIM
IMITAalIfHOT  MOJENI aKyCTHYHOTO KapJIiOCHTHANY, IO
JO3BOJIUTh MiAIATH 1O JIKyBaHHS KOXHOTO XBOPOTO
IHIMBIAyaJbHO Ta BUSBHUTH IOPYLICHHS CEPIEBO-CYIMHHOL
CUCTEMH Ha PaHHIX CTaJIisX 3aXBOPIOBAHHSL.

JInst TOCATHEHHS MOCTABICHOI METH HEOOXiTHO BUPILIUTH
HACTYTIHI 3a/1a4i:

— TIPOBECTH aHali3 BiIOMHX MATEeMATHYHUX OIHCIB
aKyCTUYHOTO KapIiOCHTHAJIy Ta METOMIB HOT0 MOJANBIIOl
00poOKM 11t OOIpYHTYBaHHS  HAIpPAMKY  HayKOBOTO
JTOCIIKSHHS;

— TIPOBECTH BiNHOBICHHS KAPHIOIMHMKIY 3a IJaHUMH,
OTPUMAHHUMH B PE3yibTaTi OOCTEe)KEHHS MAILi€HTIB METOIOM
(donokapmaiorpadii;

— PO3pOOHUTH METOJ OMHCY OTHHAIOYOi OCHOBHHX TOHIB
(hoHOKapAiOCUTHAIY;

— peami3yBaTH BIpTyaJbHUM mpwnag aiasd  oO0poOKu
AKyCTUYHOTO KapJiOCHUTHAIY 3 BUAUICHHSIM OTHHAOYOL
OCHOBHUX TOHIB Ta MOJKJTUBICTIO MTOIANTBIIIOTO
MIarHOCTYBaHHS IIAaTOJIOTIH  CEpPIEBO-CYIMHHOI CHCTEMH
JIFOJTHU.

OO0’exT HOCHiKEHHS — aKyCTHYHI SBHINA, IO TEHEPYE
ceplie pH CBOIi poOOTi.

[IpeameTomM mociikeHb € Mpomec OOpOOKH aKyCTHYHOTO
KapJlioCUTHAITY.

Mertonmu nociimkeHHs. BupimeHHs mocTaBieHuX y poOoTi
3aga4 Oyno HOCATHYTE HUIAXOM aHaNi3y H y3arajJbHEHHS
TEOPETHYHHUX JOCSTHEHb B KapJioyorii, 3acTOCyBaHHIM
CHEKTPaJbHUX METO/IB aHaJli3y aKyCTUYHOI'O KapiOCHTHATY
1 JIOCHIJDKEHHSAM MaTeMaTUYHHX 3aJIeKHOCTEH OTPUMaHHX
CUTHAIIB 3 BHUKOPUCTAHHSM IPHKIATHUX MaTeMaTHYHHX
MaKeTiB 00pOOKH OTPUMaHUX Pe3yJIbTaTiB.

HaykoBa HOBHM3Ha pOOOTH MONATAE B HACTYITHOMY:

— YAOCKOHAJEHO CIIOCI0 3HAXO/PKEHHS IEPIIOro TOHY
HUTSIXOM OOI'PYHTYBaHHSI Pal[iOHAJBHOT IIMPUHU BIKHA NPU

JMHAMIYHOMY PO3paxyHKy eHeprii CUTHAJTY
(hoHOKapaiorpamu, 110 Hi/IBUIIy € JIOCTOBIPHICTb
posmizHaBaHHS  ()OHOKapaiorpaMd TMpU  aBTOMATHYHOMY
aHai3i;

- Ha6yB moJAJIBIIOro pPO3BUTKY METOJ MATEMATUYHOI'O
ONKUCY OTHMHAIOU0i OCHOBHUX TOHIB (DOHOKApJiOCHUTHAILY Yy
BUTJISINI  HECUMETPUYHMX  TayCOBUX  IMOYJBCIB  JUISt
yCepeJHEeHNX KapAIOUUKIIB ISl MOJAIBIIOT0 BUKOPUCTAHHS
OTPUMaHUX KOC(DIIIEHTIB y JIarHOCTUYHHX LILJISX.

[IpakTHuHe 3HAYCHHS OTPUMAHUX PE3YJIbTATIB MOJATae B
HACTYIIHOMY:

- IS TPAKTHYHOI  MEIMIMHHM  3allpOIIOHOBAHO
J1arHOCTYBaHHS 3aXBOPIOBaHb CEpL HA OCHOBI BU3HAYCHHS
koe(ilieHTIB anpokcuMaliii ornHaw4oi (HoHOKapIIOCHUTHATY
yCepeJHEHNX Kap/IiOlUKIIiB;

— peanizoBaHO BIPTyallbHUH MpWUJaJ B CEPEIOBHILI
Labview i aBTOMAaTHYHOTO aHAi3y JOBIIBHUX [IJISTHOK
(hoHOKapaiorpaM 3 BH3HAYEHHSM ITapaMeTpIB anpoKcUMarlii
HECUMETPUYHHMHU TayCOBHMH IMITYJIBCAMH ISl OJANIBIIOTO
BUKOPUCTaHHS  [UI1  JIarHOCTHKH  CEpPLEBO-CYAMHHHX
3aXBOPIOBaHb.

II. MATEPIAJI I PE3YJIbTATU JOCJIIKEHDB

BimHoBneHHs Ta cermeHramis kapmiocurnauy. s
BUJIUICHHS NIEPIIOTr0 TOHY CEpPLEBOrO MUKIY Ta MOJAIbLION
cerMeHTanii (OHOKAPAIOCHTHAITY BHKOPHCTOBYBAaBCS METOX
BUIUIEHHS Ta  aHalmi3zy  KapAioiHTepBasorpamMu  06e3
napanensHoi peectparii EKI, mo mo3Boise anamizyBaTH
IuHaMigHI xapakrtepuctuku putMmy cepms. KII' e rpadix
sanexkHocti TpuBanocti RR inTepBamiB. CyTh anroputmy
moOymoBH  KapAiOiHTepBaloTpaMMH i MoJIsiTae B
BUKOPHCTaHHI iH(opMarmii mpo 3MiHy 3Ha4eHHs eHeprii
CHUTHAIIy B YaCTOTHHUX IHTepBaiIax (OHOKAPAIOCUTHATY.

Enepris curnanmy E, mo xapakTepu3ye ¢GopMmy HacoBOi
JoKami3amii  3BYKiB cepmsd Ta  CEpIEeBHX  MIyMiB,
PO3paxoBYETECS B KOB3AIOYOMY BiKHI. 32 MaKCHMaJIEHUMH
3HAYCHHSIMH CHEpPrii BHW3HAYAIOTHCA IIKOBI 3HAYCHHS
nepmoro ToHy S1 [2].
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OCKiJbKM BXiJHI JaHI € JUCKPSTHUMH BiJUTIKAMH, TO
iHTEerpaJl MOXXKHa 3aMIiHUTH Ha CyMy IUJIOIIMH €JeMEHTapHHUX
MIPSIMOKYTHHUKIB, IO YTBOPIOIOTHCSI aMIUNTYIOI0 BIAJIKY 3
OCHOBOI0, II0 JIOPIBHIOE iHTEpBATY IHCKpeTu3amii At.

[[Mupuny BikHA OyaeMo 3amaBaTH KiTbKICTIO BimmikiB N.
Eneprito curnamy M-ro BiUIiKy pO3PaxOBYIOTH BiJHOCHO
LEHTPAIBHOTO BIITIKY M B Mekax 3adaHoro BikHa. [lpum

bOMY BpPaxOBYIOThCS BiUTIKH CUTHAITy B
iHTepBaii [m— N/2,m+N /2} :
mi
2 2
Em = Z N ( X k ) At

HactymHe 3HaueHHS BiAJIKy €HEprii CUTHATY 3HaXOSThCS
IIJSIXOM 3CYBY BikHa Ha ojauH Bimmik. Ha puc. 1 300pakeno
cymimeni curHamu @OKI Tta fekinbka eHEPreTHYHHX
rpadikiB, po3paxoBaHHX 3a pi3HOIO mHpHHOIO BikHa: N = 30,
60 ta 180 BimmikiB. Binmpmr ngeTassHO PO3IISTHEMO OIHY 3
IUISTHOK, IO BimmoBimae mepmomy ToHy Sl (puc. 2). 3
pHCYyHKa BUIHO, IO MaKCUMYMH €HEprii MaroTh 3HaYHHUN
po3kua Al BimHOCHO TiKy nepiioro tony S1. ITpudomy mpu
30IBLIEHH] INMPUHU BiKHA BEpIIMHA €HEPreTHYHOI KPUBOi
cTae OUIBII MJIACKOI0, IO YCKIAJHIOE  3HAXO[KCHHS
MiKOBOTO 3HaueHHs S1.

HOMep BIITIKy
Also

PKT

P

—

[+

108 3, 5\0P

3,6<10°  nomep Biamky

Pucynok 2 — JlinsiHka poHOKapaiorpamu, sika Ma€ MaKCUMYMH €Heprii 1 3HauHui po3ku Al BITHOCHO MKy Mepuioro Tony S1
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Pucynok 3 — I'padiku BigxuieHpb A TBOX Pi3HUX TOHIB

Jis omiHKA pPO3KUAY aOCOTIOTHOTO BimXWJICHHS Al
MaKCHUMyMy €Heprii mpu 3MiHi IHpUHU BikHA Bix 0 10
200 Ha prucyHKy 3 moka3aHi rpadikv BiIXWICHB IJIs IBOX
pisHEX TOHIB S1, e Ha oci abcuuC BiAKIAAEHO BiTHOCHY

mmpuHy BikHa: N/A, me A — mmpuHa TEpIIoro TOHY,

OKPEMO BHJIJICHOTO IS KOHKPETHOTO PO3PaxyHKY.
AHamizyroun TpadiuHi 3aJeKHOCTI, MOXHA 3POOHUTH

BHCHOBOK, III0 HaWOLIpm TpUiHATHE HaMEHIIe
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BIIXWJICHHS MaKCUMAJIGHUX 3HAYCHD CHEPTii BiJl MIKOBUX
3HaueHb S crocTepiraeTscss TpH  INMPHHI  BIKHA
CHIBPO3MIPHAM 3 MIMPHHOIO MEPIIOTO TOHY, OKPEMO
BH/IJIEHOTO /ISl KOHKPETHOTO PO3PAXYHKY.

B oOpaHoMy  BiKHI MIPOBOUTHCS MOIIYK
MaKCHMaJbHOTO 3HAY€HHS C€Heprii CHWrHamy, Mo
BianoBizae nepmomy ToHy S1. BikHO mepecyBaeTses 1o
BCHOMY CHTHAJIy BiJI IOYATKy A0 KiHIIS JUTsI 3HAXOKSHHS
MaKCUMAJIBHUX 3HAYCHb, IO MICTATH iH(GOPMAIIIO TIPO
po3TamryBaHHS repmoro ToHy Sl B KOXHOMY 3
KapaioinTepBaiiB. Ha BigMiHy BiJ IpaHUYHHX METOJIB,
JaHa Tpoleaypa J03BOJIIE BHKIIOUUTH IOHAJaHHS
BHITJIKOBUX EKCTpEeMyMiB B S-S iHTepBasorpamy. Ha
OCHOBI OTpMMAaHUX 3HAYeHb MIKIB mepmoro ToHy Sl
00YHCITIOETECST  KapioiHTepBaiorpama, sIK pI3HUIS 1X
MOMEHTIB JIOKaJi3allil JIs CYCiJHIX KapaionukiiB (SS-
iHTepBajJorpama).
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Pucynok 4 — [Ipadix posmoxminy eHeprii 3
ypaxyBaHHsIM MaTpuili SS iHTepBasiB

Just  mopanplioro  JOCHIDKEHHS — KapAiOCHTHAITY
MPOBEJICHO  HOr0  CerMEHTYBaHHS Ha  BIJIHOCHI

KapIiOlUKIM, TPAHUISIMUA SIKUX OyAyTh MaKCHMYMH
nepumx TOHIB. ['padik TOpPIBHSHHS KapAiOLUKIIIB
HaBeJIeHUH Ha puc. 5.

Sk BUAHO 3 pHUC. 5, Yepe3 Te, M0 KOXKEH Kap oMK
CEepLEBOr0 PUTMY Ma€ CBOIO TPUBAIICTh, TO MPUCYTHOCTI
pPO30KHOCTI Ha KIHIEBUX MeXaX TOHIB 1 TOTPiOHO
MPOBECTH iX yCEpETHEHHSI.

(G

Pucynok 5 — I'pagik mOpiBHSHHS KapAiONUKITIB

Ha puc. 6 Ha BeneHo rpadik ycepeqHEHHS NCKITHKOX
kapmionukinie  B(m). Sk BumHO 3 Tpadiky, micis
MPOLIEYPH YCEPEIHECHHSI CUTHAIy CETMEHTOBAHOTO Ha
KapAiOIMKIN, YaCTHHU, IO BixmoBimaroTh 1 Ta Il ToHy
cepus, cmiBmaidd. Ha BiIMiHY BiJl TOHIB KapHiOIHMKIy B
MICIIIX CHCTOJIIYHOI Ta [IacTONIYHOI Tay3 y CHTHaMi
MIPUCYTHIN TIyM, KU HE 3aJIC)KUTH BiJl pO3MOIIICHHS Ta
Ma€e XaOTUYHUH XapakKrep.
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Pucynok 6 — TIpadik ycepemHEHHS JEKUTBKOX
Kap/IiOIKIIiB
Hdus  Toro mo0 3MEHHIMTH PO3ODKHOCTI  MiX

KapaiOMKJIAMH Ta 3MEHIIUTH HAasBHICTh IMIyMy, OyJ0
3HAWJICHO CyMy JCKUIBKOX peaiizamid s BUIUICHHS
YCEepeIHEHOTO KapIiouuKiy (puc. 7).

B
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Pucynok 7 — I'padik nNOpIBHSHHS yCEpeIHEHOTO
KapIioKKITy 3 nepimM BigHocHuM B(1)
I1l. BUCHOBKUA

MPOBEJCHO aHajli3 BIJIOMUX MaTeMaTHYHUX OIHCIB

AKyCTHYHOTO  KapJiOCHTHAIy Ta  METOMAIB  HOro

mojanpmioi  oOpoOKM, 3a  pe3yiabTaTaMH  SIKOTO

BCTaHOBJICHO, 10 TPH CTBOPEHHI IMITAIHOI MOjeni
(doHOKapaiocuTHANLY € M[poOJjeMu 31 30epekeHHsIM
1arHOCTUYHO-BAXKIIMBUX JIJISHOK, K1 MAaroTh
BUKOPHCTOBYBAaTHCh TP aBTOMAaTHU30BaHiil 00poOI
(hoHOKapAiOCUTHAITY /1715l BCTAHOBJICHHS A1arHO3Y.
3aIPONIOHOBAHO BHKOPHCTOBYBATH IS aHAIII3Y
yCepeqHEeHHI BIAHOCHHN KapiOIMKI, Uil 3MEHIICHHS
piBHS HeiH()OPMATHBHUX BUMAIKOBHX CKIAJOBHX IIyMY
(oHOKAapmiorpaM Ta BHIUIGHHS OCHOBHHX TOHIB
aKyCTHYHOTO KapuiocurHaimy. OTpuMmaHi pe3yibTaTd
MOXYThb  OyTH  BUKOPUCTAaHI  JUI1  MiJBHUINCHHS
JIOCTOBIPHOCTI ~ JiarHOCTYBaHHsS TMATOJOTIH  CcepLeBo-
CYAMHHUX XBOpPOO B CHCTEMaX aBTOMAaTH30BAHOTO
aHaIizy.

3aIPOIIOHOBAHO MaTeMaTHYHHN OnHC
OTMHAIOYOi OCHOBHHX TOHIB (DOHOKAPIIOCHTHAILY Y
BATIIANI HECHMETPHYHUX TayCOBHX IMITYJBCIB  JUIS
yCepeTHEeHNX Kap/iOIHKIIiB TUTS MMOJAJIBIIOTO
BUKOPHCTAHHS OTPUMAaHUX KoeQiIieHTiB y
TIarHOCTHYHUX IIIAX.

UL TIPAaKTHYHOI MEJWIMHM  3alpOIIOHOBAHO
IarHOCTYBaHHA  3aXBOPIOBaHb CepIsl HAa  OCHOBI
BU3HAYCHHS KOC(DIIli€HTIB ampoKCHMAIlii OTMHAaI0YOl
(hoHOKapAIOCUTHAIY yCepeTHEHNX KapAiOnUKIIiB.
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peasti3oBaHO BipTyaJIbHHUH IPHJIAT B CEPEIOBHILI
Labview pgng aBTOMAaTHYHOTO aHANI3y JAOBUTBHUX
JinsHOK  (poHOKapmiorpaM 3 BH3HAYEHHS IapameTpiB
anpoKcUMarii HECUMETPUIHUMH rayCOBHMH
IMITynbCaMH ISl TIOJAJBIIOTO BUKOPHCTaHHS  JUIS
JIIarHOCTUKH CEPLEBO-CYIMHHUX 3aXBOPIOBAHb.

OXapaKTEepPHU30BaHI JIarHOCTHYHI MOKIIBOCTI
BUSIBJICHHSI IATOJIOTIH CEpUEeBO-CyIMHHUX 3aXBOPIOBAHb
3a ()OPMOIO anpOKCHMMOBAHOI OTMHAIOYOi Ha INPHKJIanax
MATOJIOTIYHUX (POHOKAPIOCHTHANIB, IO ITiTBEP.IIIO

MOJJIMBICT ~ JIarHOCTYBaHHSI ~ IAaTOJIOTIH  CepleBo-
CYJMHHOI CHCTEMH JIFOJIMHH 3aIIPOIIOHOBAaHUM METO/IOM.
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BupiiieHHs 3a1a4l yrpaBiaiHHS 0araToJIaHKOBUM
MaHIITYJISITOPOM

Cepriit Hoocenos!, Bnamucnas IBanos?
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Anomayin: Jlana poOoTa TPUCBIYCHA CTBOPCHHIO

pimeHHs  3ajadi KepyBaHH: 0araTojaHKOBUM
MaHinyasaTopoM. [IpoBeeHo aHalli3 ICHYFOUMX METOJIIB
VOpaBIiHHA  0araTOJaHKOBUMH  MaHIMYJISTOpaMH.

HaBeneHa y3araJbHeHa CTPYKTypHa CXeMa CHCTEMH
ynpaBiiHHs. [IpoBeseHO aHanmi3 KOHCTPYKIIl Cyrio0iB
0araToJaHKOBHX MaHIITyJISITOpiB Ta METO/IiB
3YNTYBAHHS JAaHUX [P0 TIO3MIOHYBAHHS PYXOMHUX
JIAHOK JIJIsl BUPIIICHHSI 3aBJIaHHs ONTHMI3allii 9acy pyxy
3aJIaHO0 TPAEKTOPIEI0 MAHIMYJISATOPA.

Kniouoei cnosa: baraTonaHKOBUH MaHIIyJIATOD,
poOOT, a0COIIOTHUI EHKOED.

I. BcTvn

baratonaHkoBuii MaHIMynsATOp — 1€ MaHIMyJsTOp 3
KiJbkoMa cTymneHsMu pyxinuBocti [1]. Hampuknan, sk
KOHCTPYKILisl, 10 BOJIOJIIE OAHUM CTYIEHEM PYXJIHMBOCTI
MOXe OyTH IOBOPOT OJHIEI JIAaHKM MIONO IHIIOI abo
o0epTaHHsl HWIIHAPUYHOIO CTPUXKHS HABKOJIO BIACHOI
oci cuMeTpii, a TaKOoX 3BOPOTHO-NIOCTYIANIBHI PYyXH
MepeMILeHHS [IMIIHAPUYHOTO CTPUIKHS HABKOJIO 1€l oci

(puc. 1) [1].
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Puc. 1. Cxema 6araToslaHKOBOro MaHimyJsTopa

Hdns  mpomucnoBux  poOOTIB 1 MOAYIBHHUX
MAaHIMyJIATOPIB HAKOUIBII MOMIMPEHUM TiIXOJOM 10
YOpaBIiHHS € HE3aJeXHi CIHiIbHI  KOHTPOJEpH,
HaIpUKIIaJd, 3a IOMOMOToI0 cxeM kepyBanHs PD a6o PID
[1]. Ommak 1 nerneHTpammi3oBaHi IiHIiHI CTPYyKTypH
KEepyBaHHS, IO ITHOPYIOTH HETIHIWHY MOBEIIHKY TaKHX
CHCTEM, 3a3BHYail HE BPaXxOBYIOTh iH(OpMAIIito 3 iHIIIX
MiCUCTEM a00 BUMAraloTh PETEIHHOTO HAAIITYBaHHS
mmapaMeTpiB KOHTPOJepa.

[HIMM  mWPOKO  BHKOPHUCTOBYBAaHMM  METOAOM
KEepyBaHHS, OCOOJIMBO TIPH BiJICTEXKECHHI TPAEKTOPIi IS
YKOPCTKHUX 0araToJIAHKOBHX MAHIITYJISTOPIB, € TAK 3BAHHUA
METOJl OOYMCIIEHOTO KPYTHOTO MOMEHTY [2], SKuid €
OKpEMHMM  BHINAJKOM JIHEapU3alifHOrO  KepyBaHHS
3BOPOTHHM 3B SI3KOM, IO BHKOPHUCTOBYE  METOJ

joint E & F

3BOPOTHOI JuHaMikk. TWM He MEHII, MPOAYKTUBHICTh
i€l TeXHONOTII MPSAMOro KepyBaHHS Ha OCHOBI MOJEINi
CWJIBHO 3aJISKUTh BiJ SKOCTI MOJENIOBAHHS AWHAMIKU
pobota. IToganbmiol MepenoBOI0 TEXHIKOIO KEepyBaHHS
JUIL HENHIMHUX CUCTEM € IIPOTHO3HE KepyBaHHS 3a
mogemmo  (ITIKM), Takok BioMe SK TNPOTHO3HE
KepyBaHHs a00 KepyBaHHS TOPH30HTOM, SIKE€ MII[HO
3aKpINKIIOCS B IPOMKCIOBOMY 3aCTOCYBaHHI.

B po6ori [3] moka3aHo, 110 IS BUPIIICHHS 3aBIaHHSI
onTUMizalii  Yacy pyXy = 3aJaHOI0  TpaEKTOPI€r0
MaHIIyJsTopa, HEOOXIJHO HE TUIBKM TOYHO OIIHUTH
MIBUAKICTE PyXy BY3IiB MaHINyIATOpy, ane i
3a0e3MeUnTH JiHIMHY XapaKTepUCTHKY OLIHKH MO3HUMLIi
MEXaHi3My B IIMPOKOMY [ialma3oHi 3MiHM IIBHIKOCTI.
Takoxk BayKIMBUM € BU3HAUEHHSI a0COIIOTHOTO KYTOBOTO
MOJIOKEHHsI  €JIEMEHTIB  KOHCTPYKIi  MaHinmynsropa,
OCOOJMBO IMiJ 4Yac B3aeMOJIil 00’E€KTIB MPOMHUCIOBOL
aBTOMaru3anii 3 BUKOpHCTaHHsAM TexHouorii Internet of
Things B pnaniit po0GoTi 3ampoNOHOBAaHO KOHCTPYKIIIO
cyriioba MaHiMyJsATopa Ta Bl KOHCTPYKLIT JaTYUKIB JUIs
BU3HAuUCHHs a0CONIOTHOrO KyTa 00epTy cyriooa:
PE3UCTHBHUI 1 MarHiTHUH (puc. 2).

AR
Puc. 2. 3oBHilHIi BUTIBSLI Cyriio0y poboTa-MaHimysiropa

3anpornoHoBaHa KOHCTPYKIliSI PE3UCTHBHOTO IaTUMKA
BUSIBWIACS HETEXHOJOTIYHOI 1 HabaraTo Oinbima 3a
po3MipaMH HiXK KOHCTPYKIIiSi MAaTHITHOTO JaTYMKA, TOMY
B JIOCJTI/DKEHHAX BOHA HE BUKOPHUCTOBYBAJIACH.

TakuM YMHOM, HOCIIKEHHS METOMIB BH3HAYECHHS
TIO3UIIil €IEMEeHTIB KOHCTPYKIl MaHimynsaropa B OyIb-
KA MOMEHT Yacy € aKTyaJbHUM 3aBIaHHaM [3].

Il. ABTOMATHU30BAHA CUCTEMA KEPYBAHHSA
BATATOJIAHKOBUM MAHIITYJIATOPOM

IIpomucnoBi poOOTH MarOTh, SK IIPABHIIO, OUTBIIY

KUTBKICTh CTYICHIB PyXJHMBOCTi. B ymMoBax peasbHOTO

BHPOOHHUIITBA 3aCTOCOBYIOTBCS POOOTH 3 YOTUpMA i
OinbIme CTYHNEHSIMH PYXJIMBOCTI. VYupasniaas
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MAaHIIyJIITOPAaMH 3 TAaKUM YHCJIOM CTYIEHIB PYXJIMBOCTI
€ OLTBII CKJIaJIHUM, UM TIPH KEpyBaHHI MaHIITyJIsITOpaMA
3 MEHIIUM YHCJIOM CTYIICHIB PYXJIUBOCTI. TaKUM YMHOM,
IIpM BUKOHAHHI HAaWMpPOCTIIIOi omepamnii NepeMilleHHs
3aXBaTHOTO NPHCTPOIO 3 OAHIET TOYKHM B iHIIY IOTPiOHO
BHUKOHATH BEJIMKUI 00CST 00UNCIICHb.

[Ipu MozeroBaHHI CHCTEM YIIPABIIHHS PyXOM pOOOTIB
MoTpiOHO  BUpPINIYBaTH 3aBJaHHS KIHEMaTHKH Ta
MUHAMIKM JUIA 1X BHKOHAaBYMX MEXaHi3MiB. ICHye
3BOPOTHE Ta TMpsiMe 3aBIaHHs KiHeMaTuku. [Ipsime
3aBJlaHHS ~ KiHEMaTHKA  T[OJISITa€ Yy  BH3HAYCHHI
MIPOCTOPOBOTO TIOJIOKEHHSI Ta OpI€HTAlii XapaKTepHOI
TOYKH, K  TpaBWjo, pobOYOro  IHCTPYMEHTY
MaHimynsTopa poboTta 3a BIIOMHMH 3HaYCHHSIMHU
y3araJlbHEHUX  KOOpJHMHAT.  3BOPOTHE  3aBJaHHS
KiHEMaTHKH, SIK 1 psSIME 3aBJIaHHS, € OJJHUM 13 OCHOBHHX
3aBJaHb KIHEMAaTHYHOTO aHaTi3y Ta cuHTesy. Jlus

KEepyBaHHSI TOJIO)KEHHSM JIAHOK Ta  OpI€HTAII€I0
pobodoro  IHCTPYMEHTY  MaHIIyJasiTopa  BHHUKAE
HEOOXiJIHICTh ~ BHpIIIEHHS  3BOPOTHOI'O  3aBJAHHS
KiHEMaTHKH.

CrpykTypHa cxema MOy IS YIpaBIiHHS

MaHIIMyJISTOPOM MOKa3aHa Ha PUCYHKY 3.

MNepcoHantHWi
KomMm'loTep

MNepeTeopoBay
iHTEpdgencia

Kepyosmin KoHTpoNER

| Y

P ]

JApaiieep ABCOMOTHAA
KPOKOBOMO PEINCTHBHUA
OBHIYHE ATk

KpokoBni QBMIyH

ABCOMKOTHHIA
MaTHITHHA JaT-K

Puc. 3. CrpykTypHa cxema MOAYJIsl yIIpaBITiHHS
MAaHIIyJISATOPOM

Cucrema CKIIaIa€ThCS 3 HACTYITHIX €JICMEHTIB:

— mepconansHuit kommrtotep (IIK) 3 mporpamoro
YIPaBISHHS 1 OTPUMaHHA 1aHUX;

— TepeTBOpIOBaY iHTepdeiiciB;

— Kepyo4uil KOHTPOJIEp;

— JpaifBep IBUTYHA MOCTIITHOTO CTPyMY;

— aOCOJIFOTHAM MardiTHUH JaTYUK;

— aOCOIOTHAN Pe3UCTUBHHUN JAaTUHK;

— KpOKOBUI JIBUTYH;

— MakeT MeXaHi3My MaHIIyJsITopa.

Jns Bu3HaueHHS  Opi€HTAIii
BHKOPHCTOBYBATH JIBA METO/IH:

— MarHiTHHHA aOCONIOTHUIT;

— Pe3UCTHBHUN aOCOTIOTHHH.

Js Bu3HaYeHHsS aOCONIOTHOTO KyTa 00epTy cyrioba
OyZeMO BUKOPHCTOBYBATH MAarHITHHH €HKOAEP THILY
AS5600. J[lammit eHkomep TOTpeOye ITONATKOBOTO

cyrnoby  Oymemo
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€JIEMEHTY MarHity, sKuii Oyne 3akpiluleHO Ha
KOHCTPYKTUBHHMX €JIEeMEHTaxX Cyrjio0y Ha ONIHIA Bici 3
peaykropoMm. Jatunk  AS5600 TOBMHEH  TOYHO
po3TamioByBaTucsl Ha BiCi pemykTopa i, BiANIOBIJHO,
MOCTIHHOTO MarHiTy. BincTaHp MK JaTIUKOM |
MOCTIMHMUM MarHiToM Mae OyTH MiHIMaibHa ¥ He
nepeBunyBatd 4 MM. B fmaHili KOHCTPYKLIi NaT4MK €
JKOPCTKO 3aKpiIJICHUM BIJHOCHO pYXOMOI YacTHHH
CyrJI00y Ha OCHOBI MaKeTy.

VY3aranpHeHa CTPYKTypHa CXeMa CUCTEMH YIPaBIiHHS
MOKa3aHa Ha PUCYHKY 4.
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Puc. 4. V3aranbHeHa CTpyKTypHa cXeMa CHCTEMH
yIpaBIliHHA

[MporpamyBanHsi TpaekTopii pyxy 3axBary S5 3
HaBaHTKEHHSM 6 BHUKOHYETBCS Y cUCTeMi (hiKCOBaHOI
0a30B0i KoopauHAT. BekTop y3arajibHEHOTo 34erUIeHHS,
gk ¢yHKUis mpouecy (c(t), YTBOPIOETBCS BEKTOD
y3araJbHEHUX KOOPAHHAT JIAHOK MAHIMyJsaTOpa, SIKHH Yy
’KOPCTKiil MeXaHIuHIl CUCTeMI € BEKTOPOM y3araJbHEHHX
koopauHaT npuBoAiB qn(t). Bekropu qc(T) ta qn(t)
MOB'sI3aHI OJIMH 3 OJIHMM, BiJIOOPayKEHHSIM MEPETBOPEHHS
KkoopauHAT T, BMICT SIKOrO BCTAHOBJIIOETHCS 3 PIIICHHS
npsMoi 3a7avi KiHeMaTHKH Mainyistopa. [Ipuctpiid
KepyBaHHS IIPOrPaMHUM 3a0€3[ICYEHHAM T'eHEepy€e BEKTOP
YIOPSIIKOBAHUX  y3arajJbHEHHX KOOPAMHAT IPHBOILY
Onz(T), ski TmoOB'SI3aHI 3 BEKTOPOM y3arallbHEHHX
KOOpJMHAT 3axBary MaHinynsropa (e(T) nuisxom
3BOPOTHOTO BiZOOpa)KeHHsS INEPETBOPEHHS KOOPAMHATH
T Bwmict T BcTaHOBIIOETBCA i3 pilllCHHS 3BOPOTHOL
3a/1a4i KIHEMAaTHKH MaHIMyJsITopa.

Y 3aranpHOMY BHNAJAKy JMHAMIYHI BJIACTUBOCTI
MaHIIyJIsITOpa XapakTepu3yrThes MaTpuieto Wm(p, qn),
3TiIHO 3 SIKOKO  BUKOHYETBCS ~ CHHTE3  MAaTpHII
KOHTPOJIbHUX TpUCTpoiB Wyy(p, qn). B y3araibHenii
MaTPUYHIA CTPYKTYypHIH CXeMi CHCTEMH KepyBaHHS
3uerieHHsM Maninynstopa F(t), Fo(T) — Bextopu cuu,
II0 3aCTOCOBYIOTBCS JI0 3B'SI3KiB MaHIMYJIATOPa Ta OHOPY;
g'n(t) - BuMIpsAHI BEKTOPHI 3HAYCHHS y3araJbHEHHX
KoopauHaT TpuBoxiB; Wyy (p, qn) - MaTpuus
iHopmamiitHnX mpucTpoiB. Ha momaTox 0 OCHOBHHUX
3BOPOTHHX 3B'S3KIB IMOAO Yy3araJbHEHHUX KOOPAMHAT
MIPUBOIB, CHCTEMa MOXKE MAaTH 3BOPOTHHUI 3B'SI30K IIPO
MPOMIKHI ~ KOOpAWHATH, 3pOOJIeHI BIiANOBINHO 1O
TIPHUHIATIIB MiATOPSIKOBAHOTO YIIPABITiHHS.

I11. PO3POBKA AJITOPUTMY POBOTHU
[IPOT'PAMU

Ha pucyHky 5 mokazaHo anroput™ pob0OTH MakeTy.

Ha mowatky poOoTu mepeBipseTbCcs 3B’S30K 3
MEPCOHATBHAM ~ KOMIT'IOTEpOM  4Yepe3  IMOCIiTOBHHI
iHTepdeiic. SKmo 3B’SM30K yCTAaHOBIEHO, TO MOXHA
MIPOJIOBXKYBAaTH POOOTY.

OtpumaBinm komanay Bix IIK, koHTpomep dopmye
MTOCTIIOBHICTD IMITYITBCIB ISl 3MIIIIEHHS BTy KPOKOBOTO
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JIBUTYHa Ha MOTPIOHUI KyT, BpPaxOBYIOUH Iepe/iaBalibHEe
YhCIIO peAykTopa. B Hamomy BHMIDAAKy L€ YHCIIO
CTaHOBUTH 1:42.

Kyr 3mimenHs Bajgy JBUTyHa TpU ITOBHOMY KpOIIi
cranoButh 1,8 TpamyciB. BpaxoByroum mnepenaBaiibHE
YHCIO  PEeAyKTOpa, TEOPEeTHYHO MEXaHi3M  MOXe
3a0e3neunTt TouHicTh 0,045 rpamgycu.

MovaTok

Mepesipka 38'A3kY 3
MK

3E'A30K BCTAHOBNEHO?

QuikyEaHHA KoMaHaW
Big MK

»
»
b

Komaxga oTpumaHa?

DOpMyEaHHA
NoCnigoBHOCTI
iMnNynecie

h i

OTPUMEHHR JaHux 2
aTumky NOMNoMeHHA

h A

Asanoroeo-uudpose
NEepETEOPEHHA

l

Mepenada
OTPUMaHOTD KOOy Ha
MK

Puc. 5. Anroputrm poGoTu nmporpaMu KOHTpoJepa

[Tics 3aBepIeHHs IEepeMilIeHHs, KOHTPOJIEP 3YIUHSE
PENYKTOp Ta 3YNTY€E MOKa3aHHS IATYHKY ITOJIOKCHHS.
OTpuMaHHI [aHI TIEPETBOPIOIOTECS 3  AHAJIOTOBOTO
CHUTHATY B IIU(POBUI Ta MMEPEAIOTHCA Ha TTEPCOHATBHINA
KOMTII FOTep.

[Ticns 3aBepIeHHsT BUMIPIOBAaHHS KyTy OOEpPTYy LIHKI
YOpaBIiHAS TOBTOPIOETHCA JO BHMHKAaHHA Hampyru
KHUBJICHHSI KOHTPOJIEPY.

134

VII. BUCHOBKHA

Jana po6oTa npucBsUeHa CTBOPEHHIO PillIeHHS 3ajadi
KepyBaHHS 0araToJIaHKOBUM MaHIIyJIITOPOM.
[IpoBeneHo aHami3 ICHYIOUMX METOMAIB  YIIPaBIiHHS
6araTolaHKOBIMHU MaHiIyJISTOPaMH. Hasenena
y3arajJibHeHa CTPYKTYpHa CXeMa CHUCTEMH YIPaBIiHHSL
IIpoBeneno aHaii3 KOHCTPYKIi cyrio0iB
0araToJaHKOBHX MaHIIyJSTOPIB Ta METO/IB 3UMTYBaHHS
JaHUX TIpO TIO3WIIOHYBaHHS pPYXOMHX JIaHOK JUIs
BUpIIICHHS 3aBJaHHS OITHMIi3allii 4acy pyXy 3allaHOro
TpaekTopieto MadimynsTopa. OTpumaHi AaHi cBig4Yath
PO JIOCUTHh TOYHE BH3HAYEHHS KYTYy 3a JIOIMOMOTOIO
Mar”iTHOro abcCoJIOTHOTO eHKonepy. IloxuOka BUMIpY
KyTy CTaHOBHUTb MeHIue 1,4 rpagycu.
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